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The Northeast Texas Municipal Water District (NETNWWvill secure written documentation from each
sub-tier project participant (e.g., subcontractather units of government, laboratories) stating t
organization’s awareness of and commitment to requents contained in this quality assurance project
plan and any amendments or revisions of this gRETMWD will maintain this documentation as part of
the project’s quality assurance records, and wikailable for review. (See sample letter in &ttaent

1 of this document)

This Quality Assurance Project Plan (QAPP) has begtten to support Soil Water Assessment Tool
(SWAT) modeling activities within the Lake O’ thenes Watershed, Texas State Soils and Water
Conservation Board (TSSWCB) Project Number 04-1#éen Northeast Texas Municipal Water District
(NETMWD) and HDR Engineering, Inc. (HDR)/Center fBesearch in Water Resources (CRWR),
Assessment and Mitigation of Agricultural and othlempoint Source Activities in the Cypress Creek
Basin (Assessment and Mitigation Project, heregafiehas been prepared to outline the qualityi@sse
and control procedures that will be implementedrduBub-tasks 9.1 and 9.2 of Task 9: SWAT Modeling.

The QAPP has been completed under the directioramd, for use by TSSWCB and the U.S.
Environmental Protection Agency (EPA) to ensure (hamodeling input data are valid and defensible,
(2) model setup and calibration protocols are fe#d and documented, and (3) model application and
output data are reviewed and evaluated in a cemsigtanner.
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A4  PROJECT/TASK ORGANIZATION

The following is a list of individuals and organiimans participating in the project with their sgexi
roles and responsibilities.

USEPA — United States Environmental Protection Agencyi®e VI, Dallas. Provides project
overview at the Federal level.

Henry Brewer, USEPA Texas Nonpoint Sourcgdetdvianager
Responsible for overall performance and directibtihe project at the Federal level. Ensures
that the project assists in achieving the goate®federal Clean Water Act (CWA). Reviews
and approves the quality assurance project plarP@Aproject progress, and deliverables.

TSSWCB —Texas State Soil and Water Conservation Boardhplee Texas. Provides project
overview at the State level.

Mitchell Conine, TSSWCB Project Manager
Responsible for ensuring that the project delidats of known quality, quantity, and type on
schedule to achieve project objectives. Tracksrami@ws deliverables to ensure that tasks in
the work plan are completed as specified. Revievasapproves QAPP and any amendments
or revisions and ensures distribution of approwdéed QAPPs to TSSWCB and USEPA
participants. Determines that the project meets rdquirements for planning, quality
assessment (QA), quality control (QC), and repgrtinder the CWA Section 319 program.

Donna Long, TSSWCB Quality Assurance Officer
Responsible for determining that the Quality AssaeaProject Plan (QAPP) meets the
requirements for planning, quality control, quabitgsessment, and reporting under the CWA
Section 319 program. Reviews and approves QAPPaagdamendments or revisions.
Responsible for verifying that the QAPP is followbg project participants. Monitors
implementation of corrective actions. Coordinaiesonducts audits of field and laboratory
systems and procedures.

NETMWD - Northeast Texas Muncipal Water District, Huglg$gmings, Texas. Project Lead,
Assessment and Mitigation Project.

Walt Sears, Jr., NETMWD General Manager
Responsible for coordination and cooperation betviee Northeast Texas Municipal Water
District (NETMWD) Steering Committee members andRiBngineering, Inc.

Ric Blevins, Project Manager/Project Fielde@giions Supervisor
Responsible for contact and coordination with HDRjiBeering, Inc. (HDR), Texas State Soils
and Water Conservation Board (TSSWCB), and oth&ties participating in the NETMWD
TSSWCB activities. Responsible for implementingST8CB requirements in contracts,
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QAPPs, and QAPP amendments and appendices. Caimslipasin planning activities and
work of basin partners. Ensures monitoring systenasts are conducted to ensure QAPPs are
followed by the NETMWD patrticipants and that prdgeare producing data of known quality.
Ensures that subcontractors are qualified to perfoontracted work. Ensures TSSWCB
Project Manager and/or Quality Assurance Officenasified of circumstances which may
adversely affect quality of data derived from adtilen and analysis of samples. Responsible for
transmitting all data collected by NETMWD or PP Adf§that meets the data quality objectives
of the project to the TSSWCB.

Responsible for performing field sampling and datacessing duties in accordance with
standard operating procedures (SOP’s), data qualijgctives (DQQO’s) and this QAPP,
reporting to the Technical Coordinator any deviafrom SOP’s or DQQO'’s, maintaining proper
documentation of sampling events, sample preservaample shipment, and field procedures
at NPS designated stations. Responsible for aat@w from all monitoring events and
provides data quality comments to the QAO. Resptdor supervising sampling and
oversight of project activities. Responsible fetdischeduling, staffing, and ensuring that staff
are appropriately trained. Responsible for theusttipn of water samples and field data
measurements in a timely manner that meet thetgwdljectives specified in Section A7 (table
A.1) as well as the requirements of Sections Baugh B8. Reports status, problems, and
progress to Cypress Creek Basin Technical Coomlinat

HDR — HDR Engineering, Inc., Austin, Texas. Proje@fs

David Thomas, HDR Project Manager/Technical Coattin

Responsible for contact and coordination with NETRIWTSSWCB, and other entities
participating in the Cypress Creek Basin NPS awtvi Responsible for implementing NPS
requirements in contracts, QAPPs, and QAPP amernidnaexd appendices. Coordinates basin
planning activities and work of basin partnerssiiies monitoring systems audits are conducted to
ensure QAPPs are followed by planning agency ppaints and that projects are producing data of
known quality. Ensures that subcontractors aréfepeeio perform contracted work. Ensures NPS
project managers and/or QA Specialists are notdfezddrcumstances which may adversely affect
quality of data derived from collection and anadysf samples. Responsible for transmitting all
data collected by NETMWD that meets the data quabjectives of the project to the TSSWCB.

Responsible for writing and maintaining the QAPR monitoring its implementation that involves
maintaining records of QAPP distribution (includmgpendices and amendments) and maintaining
written records of sub-tier commitment to requiretsespecified in this QAPP. Responsible for the
supervision (through direct contact with the Profgeld Operations Supervisor) of all NPS field
activities, equipment preparation, sampling, sarppéservation, fieldwork, sample transport and
chain-of-custody maintenance in compliance withapproved QAPP. Ensures that field staff is
properly trained (in cooperation with the Proje@l& Operations Supervisor) and that training
records are maintained.
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Peqggy Jones, HDR Quality Assurance Officer/Data &dgn

Responsible for coordinating the implementationthefQuality Assurance program that includes
identifying, receiving, and maintaining project 4tyaassurance records. Responsible for
determining if all data collected meet the datdityabjectives of the project and are suitable for
reporting to the TSSWCBCoordinates and monitors deficiencies, nonconfon@saand corrective
action, coordinates and maintains records of datification and validation, and coordinates the
research and review of technical QA material and dzlated of water quality monitoring system
design and analytical techniques. Conducts mangaystems audits on project participants to
determine compliance with project and program gmations, issues written reports, and follows
through on findings.

Oversees data management plan for the study. &nthat field data are properly reviewed and
verified prior to transfer of data to TSSWCB. Rasgible for the acquisition, verification, and
transfer of quality-assured data to the TSSWCBspResible for transferring data to the TSSWCB
in the acceptable format. Ensures that the datewechecklist is completed and data are submitted
with appropriate codes and data. Documents tasgress and track labor and non-labor
expenditures to produce the necessary reimbursdorems and progress reports specified in the
NPS contract. Provides the point of contact fer ISSWCB Project Manager to resolve issues
related to the data and assumes responsibilitshéocorrection of any data errors.

CRWR - Center for Research in Water Resources, Uniyaskilexas, Austin, Texas. Project Staff.

George Ward, Principal Investigator

Responsible for water quality modeling, data aredys support of modeling activities, and
reporting for those project tasks associated WithA$ modeling (Task 9) including development
of data quality objectives (DQOs) and a qualityuassce project plan (QAPP). Responsible for
coordination, development, and delivery of Tasku@rterly reports and the Task 9 final report
related to the SWAT modeling effort.
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A5 PROBLEM DEFINITION/BACKGROUND

A Quality Assurance Project Plan (QAPP) entithsssessment and Mitigation of Agricultural and

Other Nonpoint Source Activities in the CypressekrBasinhas been developed and approved by
TSSWCB and EPA to ensure the reliability of the mung data collected under each task

description. During the project QAPP meeting Wi8SWCB held in Temple, Texas on February 13,
2005, it was determined that mathematical modefmgpnpoint source loading data derived from this
study would require a separate quality assurangedgirplan (QAPP).

In 1998, water quality testing showed that dissblweygen concentrations in the Lake O’ the Pinagwe
not optimal for the support of fish and other agude. Lake O’ the Pines (Segment 0403) wasdisin

the state's 88303(d) list as impaired due to logsalved oxygen levels. As a result of that
determination, the TCEQ, in cooperation with NETMWfiated theLake O’ the Pines Watershed
TMDL (Total Maximum Daily Load) Projedesigned to identify the source of pollutants resgde

for the low dissolved oxygen and determine the amhof pollutant load reduction needed to raise
dissolved oxygen concentrations to the level prieedrin the state water quality standards. Thigyst
concluded that phosphorus was the material mogbresble for the low dissolved oxygen and that a
56% reduction in phosphorus loadings from the veaieed was needed. The TCEQ released the draft
TMDL based on this information for public commentNovember of 2005. A public meeting was
held in Hughes Springs on November 17, 2005 taveealdition public comment on the draft TMDL.
The public comment period ended on December 5,.2008 Texas State Soil and Water Conservation
Board (TSSWCB) approved the TMDL at their Board timggon March 23, 2006. The TCEQ adopted
the TMDL at their April 12, 2006 Commission Agendaeting. The TMDL has been submitted to the
USEPA for approval and their review is ongoing.elininary plans for the development of an
Implementation Plan designed to achieve the lodxtations specified in the TMDL have been
discussed and the formation of topic-specific wookgps has begun. The development of the
Implementation Plan for the TMDL will be overseen the Big Cypress Creek Basin Steering
Committee. The Implementation Plan will requir@aval by the TSSWCB and the TCEQ.

The Assessment and Mitigation Project will suppogtlementation of agricultural best management
practices (BMPs) to reduce nutrient runoff fromiagitural operations in the Lake O’ the Pines
watershed. The Project is an integral and essqudra of the implementation plan following the
findings and recommendations of the Lake O’ theeRilMDL. Study site monitoring results will be
used to validate small scale SWAT models of eage-@d-field monitoring location. As part of that
process, the present study is anticipated to ifyeintiportant variables that generally define nuttie
loss rates in the local setting, to quantify lcstes from the study sites, evaluate the effects®i0é
BMPs given the land characteristics and uses orstildy sites, and to estimate the reductions in
nutrient loss with present and projected levelBMP implementation.

The Implementation Plan for the Lake O’ the PinBDL, scheduled for completion this spring, will
include this project, evaluation of nutrient loséesn agricultural operations and on-site wastewate
disposal facilities, and projects that will (1) niton nutrient discharges from permitted point s@s;c
(2) nutrient transport out of selected subwaterstee®l down Big Cypress Creek, and (3) monitor
nutrient, chlorophyll a and dissolved oxygen comicgions in critical areas of Lake O’ the Pines.
Selection of nutrient loss study sites, subwatatshetream monitoring locations, schedules and
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parameter sets will be coordinated among the piojednsure that the data collected is adequate to
define current conditions and provide input torrefihe existing SWAT model of the Lake O’ the Pines
watershed. The information developed will be uedientify problem areas and opportunities for
reducing nutrient losses, explore the relationsivgr time among application of agricultural BMPs,
nutrient loading in Big Cypress Creek and Lake & Pines, and the corresponding changes in
biological and water quality conditions in the nessr.

Agencies cooperating in this project include th&EPSSWCB, NETMWD, HDR Engineering, Inc.
CRWR, the University of Texas at Austin, Ana-Lalr@mration and the Texas Cooperative Extension
Soil, Water & Forage Testing Laboratory.

See Appendix A for the Work Plan Tasks that dis¢hesSWAT Modeling aspect of the project.
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A6 PROJECT/TASK DESCRIPTION/SCHEDULE

The overall goal of this project (Task 9) consistshe development and application of small scale
mathematical models (SWAT modeling) to strategjcaklected catchments. The Soil and Water
Assessment Tool (SWAT) will be used to quantify #fkects of applying BMPs on phosphorous
loadings to streams, rivers, and lakes (as ap@tE)nin each watershed. The Center for Research in
Water Resources (CRWR), located at the J.J. PR&k=arch Campus of the University of Texas at
Austin, will conduct the model simulations.

SWAT is a comprehensive mechanistic numerical méatetimulating hydrological, transport and
water-quality processes operating on a multi-tabytvatershed. The model was developed by the
USDA Agricultural Research Service (ARS) and Blacki Research Center of Texas A&M
University. It has evolved over the past quareattury from a model originally designed to simelat
crop dynamics on agricultural catchments to its@néversion that includes the surface hydroldgica
cycle, runoff and channel routing, storage in tinéase and subsurface, and associated transport and
reactions of a variety of waterborne parametetse model therefore provides a capability for tregti
general landscape and hydrological processes ge haatersheds, and includes the effects of
topography, soils, precipitation, plant growth,graanagement, and urbanization.

Because SWAT has enjoyed successful applicatibotdreds of watershed projects across the United
States, and is a freely disseminated, public matdss been widely used to support water quahty a
Total Maximum Daily Load (TMDL) planning throughouhe country. Additional technical
information regarding the model can be found at tB&/AT homepage web address:
http://www.brc.tamus.edu/swat

SWAT was the model of choice for the Lake O’ theeéRi TMDL program, and has already been
applied to the drainage area of the reservoithigiapplication, the watershed of Lake O’ the Bjrze
system of 25 subbasins was employed. Fifteen gibpasins were used to depict the complex
watershed of the Big Cypress, the main riverineimmto the reservoir, and ten (10) to depict ttheep
tributaries that flow into the Lake O’ the Pinesdll, 2003).

Within the Assessment and Mitigation Project, ttieativeness of BMP applications will be evaluated
through a series of small-scale comparative rustfflies which will be integrated with the water
quality data collected and compiled in the CRP BNdDL programs. This analysis will supplement
and complement monitoring in Lake O’ the Pines asdvatershed currently conducted under the
Clean Rivers Program, or as part of the TMDL impdaation plan. Landowners willing to participate
in the project were selected with the help of ansady committee consisting of invited representsi

of NETMWD, TSSWCB, Sulphur/Cypress Soil and Waten€ervation District (SWCD), Pilgrims’
Pride Corporation, interested agricultural opegtlwcal independent contractors, local commercial
fertilization companies, and Texas Cooperative Bsitan.

A total of twelve study sites were selected (Figurifom among properties offering participatiortrwi
NETMWD in the project using a set of criteria tiatludes land use, soil type and vegetation cover
characteristics, history of poultry litter or otHertilizer application, suitability for efficientlcapturing
runoff from a defined area from a 10 year raingaient, and accessibility during inclement weather.
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The identity of individual landowners in this stualys been kept confidential to encourage cooperatio
in addressing the study objectives. The volunteere assigned a site number to protect their pyiva
The location map was prepared to show the geasgalfor all study participants without specifying
their exact location.

There are two overall objectives of the SWAT mauglvithin the Assessment and Mitgation Project:
(1) improve the validation of the SWAT applicatiimthe Lake O' the Pines watershed, (2) make
specific evaluations of the effectiveness of ruroffitrols (BMP's) on the study catchments, and infe
the probable effectiveness of these strategidsdasin-wide nutrient management. The starting point
for the present model validation is the applicabbSWAT2000 to the subwatersheds documented in
the existing TMDL project (Ward, 2003). The modalidation exploited excellent storm runoff data
and was carried out to a level of detail unusuabasin-scale model studies, addressing six
subwatersheds, selected because they represagieaafssoils, landuse, and vegetation that tyiéy t
variety of properties of watersheds in the Laketl® Pines basin, from which comprehensive
hydrological and water-quality storm data were e for at least two well-defined events on each
station. However, the complexity of the watershad the large number of soils, land-use activities,
and vegetation covers, means that field data wetravailable to that validation for some important
combinations. The field data being acquired asqfahe present Assessment and Mitigation Project
will permit extended validation for major combirats of surficial conditions. Among the land-use
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categories are included various strategies ofenttand run-off management. The present projdict wi
set-up detailed catchment models for each of #id §ites and carry out simulations to calibrage th
model for these small watersheds.

The same procedures of model validation documentdte TMDL work (Ward, 2002) presented in
Appendix B will be observed in the present projélhe key for validation is the storm event, aral th
associated runoff hydrograph, which is the primaygrometeorological process for streamflow
generation in this climatological area. Associatéth this event is a rise and fall in the concatitm

of a waterborne constituent derived from the wéiteds referred to as the stofimviograph Different
parameters exhibit different fluviographs with diént relations to the storm hydrograph. (TSS is
particularly complicated, in that it can resultrfreediment mobilization on the watershed or withen
stream channel, and be further modified by graze-siependent scour and settling.)

Data analyses will be carried out in a two-stepraggh, first analyzing the storm hydrograph then th
fluviograph for key waterborne parameters. Thdityuaf how well a storm event is sampled will be
based on examination of the rating data, and tlagige of the water-sample times to the progress of
the storm (i.e., how water samples are distributeer the course of the runoff hydrograph), and
whether the data are point grab-samples or flowghted integrated samples. To quantify this
judgment of data quality, a level of uncertaintypeessed as a standard deviation, will be developed
the higher values corresponding to data of dimgusuality, see Appendix B (Ward, 2002). This
same two-step procedure will be followed in modalidation, in that first the hydrological
performance of the model will be subjected to galibn and validation, then the constituent
concentration. Analysis of storm fluviographs ssentially the determination of the mass load. We
anticipate that three key water-quality variabldshe employed in the fluviographical analysestat
suspended solids (TSS), total nitrogen and totasphorus.

The validation problem of SWAT is compounded bydbmplexity of model set-up. There are a large
number of model parameters whose values must bafisgefor a given simulation. A model
simulation requires minimumof 7 basin-wide input files plus 4 data-base fpass 3 input files per
subbasin plus 4 input file per HRU. For a simph&farm catchment, therefore, 18 input files are
necessary, and the number proliferates as the exitypbf the watershed increases. The number of
parameters represented in these input files iswdhv@ming. The simplest model application, to a
single HRU with no special tillage or planting oggons, with nutrient simulation only, requires
specification of about 200 parameters. When théA$\Wefault and data-base values are accepted,
there still remain over 30 parameters whose vatuest be specified, values for many of which are
unlikely to be known to the modeler, so they areaflable" for calibration. Theoretically, model
calibration requires as many independent datgisetise present context, well-sampled storm runoff
events) as there are "available" parameters; nvedécation then requires additional independextad
sets. Such a largesse of field data has raredy€@r) been available to a watershed modeling groje
Model validation musa fortiori employ judgment and supplementary strategiesasizchportation of
model parameters from nearby catchments and frber atodeling projects, and sensitivity analyses.
In particular, the experience from application ¥¥/AT to the Lake O' the Pines basin in the TMDL
project will be invaluable in the present effort.

Model validation will be documented in a detailedmorandum report, including the supporting data
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analyses. Model input files for each subwatershiidoe provided as well.

One of the important applications of the validatatthment models will be the evaluation of straeqgi

of runoff and nutrient management (i.e., BMP's)iegggesented in the selection of catchment areas.
Additional model runs will be carried out to ex@and isolate the effect of these BMP's on loading
from the catchment. The results of these evalustiati be documented separately.

The project and task descriptions covered by thé$Wodeling QAPP are described below. All are
part of Task 9: SWAT Modeling between TSSWCB, NBEWI, HDR and CRWR, which includes:
Sub-tasks 9.1 and 9.2.

Sub-task 9.1 will involve small scale SWAT moddisitt will be validated for each study site using
measured properties (e.g., soils and soil nutrjerggetative cover and cover types, seasonal sffect
antecedent conditions, runoff rates, TSS and mitwencentrations) instead of the literature values
employed in the Lake O’ the Pines TMDL modeling.

Deliverables: A validated SWAT model for each foé 112 study sites. Model documentation will
include identification of measured variables usedach model together with an evaluation of their
respective confidence intervals and major diffeesnavhere they occur, with previously employed
input variables.

Sub-task 9.2in this subtask, the validated models will be usadentify the major variables affecting
nutrient loss from the study sites and examinerétetionships among those variables in order to
evaluate the effectiveness of water quality managermlans (WQMPS) in limiting nutrient loss.

Deliverables: Model runs necessary to estimatentitdent reductions achieved through time as
WQMPs have been implemented. The results of thBWiodeling of the study sites will be
appropriately presented as part of the Assessnmehivigtigation Project final report.

The SWAT Modeling schedule is found in Table A6.1.
TABLE A6.1

NETMWD Agricultural NPS Evaluation: SWAT Modeling
Schedule of Project Plan Milestones

9 SWAT modeling November 200} October 2009
9.1 Validated SWAT model for each study site Noveni006 October 2009
9.2 Estimate nutrient reductions to evaluate May 2007 October 2009

effectiveness of WQMPs

10 Data analysis and reporting December 2007 Och@d
10.1 | Perform analyses of data and final projecbrtep December 2007, October 2009
10.2 | Present data in final report December 2007 oleat2009
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A7  QUALITY OBJECTIVES/CRITERIA FOR MODEL INPUTS AND OUTPUTS

Quality objectives and criteria for model inputsdaoutputs are qualitative and/or quantitative
statements that (1) clarify study objectives, (@firte the appropriate type and acceptance critdria
existing data, (3) establish acceptable model iapgt calibration criteria, and (4) specify toleeabl
levels of model performance and potential decisiwars. Each is discussed in the following sestion

Study Objectives

The main objective for the SWAT modeling projecagk 9) is to employ the results of nonpoint
nutrient loss from specific land use types (edgéeddl results), together with the results of other
aguatic monitoring programs where relevant, to ararand refine, as appropriate, the input elements
of the SWAT model and to quantify the effectivenesBMP's.

Secondary objectives that support the main objedtiglude the following:

(1) Compile and analyze storm-event data fromlthstudy catchments;

(2) Implement the SWAT model for each of the 1figtcatchments;

(3) Specify model parameters based upon datasisagd evaluation of model response, following
the general procedures of Ward (2002) fannrtippendix B;

(4) For those catchments in which BMPs are ingldetermine response of the model to (i) removal
of BMP, (ii) present BMP implementation (aflected in the field data), and (iii) alternatéested
feasible BMP strategies (defined for eadlumaent, as appropriate); and

(5) Document results

Acceptance Criteria for Existing Data

In terms of data compilation and assessment, dantied base of information on water quality, spils
land use and poultry litter application has beeretiged under the Cypress Creek Basin Clean Rivers
Program (CRP) and the Lake O’ the Pines TMDL progra his available data was used to assist
NETMWD and its contractors in site selection, stdeégign, approval and implementation.

Data of known and documented quality are essewtihle success of the TSSWCB SWAT modeling
project. With respect to water-quality and stormaffi monitoring, sample collection, preservatiod an
transportation, chemical analysis, data archivamgl quality assurance is being conducted accotding
procedures outlined in thessessment and Mitigation of Agricultural and OtiNeanpoint Source
Activities in the Cypress Creek Basin Quality Aasgce Project PlanQAPP developed for the
Northeast Texas Municipal Water District (NETMWDQO5) and approved by the USEPA on
November 25, 2005. The methods are consistentsgitbral other data collection QAPP projects in
the Cypress Creek Basin including thake O’ the Pines Watershed Total Maximum Dailyd.oa
Quality Assurance Project PIINETMWD, 2000).

In addition to field data collected as a part oé tAssessment and Mitigation Project, the

implementation of the SWAT model requires data fimhrer agencies, including (but not necessarily
restricted to) historical data on topography, sedsfall (and other meteorological parametees)di
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use, human road and conveyance infrastructurevegetation. Such data will be sought solely from
professional sources, collected and compiled bgiess trained in the discipline. Therefore, ralinf
data, for example, will be obtained from agenceshsas the National Weather Service, National
Climate Data Center, river authorities, and datarses implemented and reviewed by trained
meteorologists or hydrologists. Soils data willdi#ained from the extensive data holdings of the
Natural Resource Conservation Service, specificlly STATSGO and SSURGO compilations,
supplemented by county soil surveys, where additiamformation or clarification is needed.
Topographic data will be obtained from USGS proguend (if available) surveys by registered
professional surveyors. Land use and infrastreaiata will be obtained from agencies such as Texas
Department of Transportation, TSSWCB, TCEQ, as waslifrom on-site observations of project
personnel. Additionally, poultry application ratesil types, soil nutrient levels vegetation cover
presence of Best Management Practices (BMPs) altbrtinoff loads of nutrients and sediments will
be obtained for the twelve study sites of this &)

Model Input and Calibration Criteria

In addition to the criteria for acceptance of datause in the project based upon the integritthef
source and validity of the protocols, the use ofotes data in model validation studies (encompassin
calibration) imposes additional conditions on tieddfdata. These do not relate to the qualityhef t
measuremeryer se but to whether the data as collected adequagpesent events appropriate for
model validation. There are two primary criterfarst is whether the monitored storm event isadét

as a model validation case. Especially in thédihlibration runs, it is important that the stoevent
exhibit features of simplicity, e.g., be charaaed by a brief intense rainfall producing a hydequr
with well-defined rising and falling limbs, stahlatial (pre-storm) conditions, lack of agricultlira
activities (plowing, fertilizer application) justripr or during event, etcSecond is whether the
monitored data encompass the necessary suitelgtemand are obtained with sufficient time density
and over a sufficient duration to satisfactorilyngde the entire storm event. These two sets tdrai

do not create an "accept/reject” dichotomy for daes, but rather a logical ordering, so that the
noncomplex, better-sampled storms receive the ggeattention and effort in the modeling process.
Part of this ordering of the validation data setthe specification of uncertainty (described above
These uncertainties in field data are carried fodwharough the analysis and compounded when the
data are further processed, e.g. to compute l@ads, Ward (2002) presented in Appendix B. The
uncertainty in the validation field data circumbes the level of uncertainty acceptable in model
validation, in that the level of uncertainty of tim®del prediction logically must at least equal thfa
the field data. In other words, the accuracy efiallidated model cannot be expected to be beter t
the accuracy of the field data employed in its detion. The model will be considered to be
satisfactorily validated if the following criterere satisfied:

(1) Flow - Model predictions within 95% confidenoeunds of the measured value. For average flow
prediction versus a long-term record typical of LE€#ations, this is on the order of 15% of the mean

For a normally distributed residual, these confaehounds correspond to two standard deviations
about the mean. The model will achieve this déifee from the mean in 90% of the modeled values.
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(2) Suspended solids - Model predictions withif®&nfidence bounds of the measured value. For a
normally distributed residual, these confidencertatsucorrespond to two standard deviations about the
mean. The model will achieve this difference fritve@ mean in 90% of the modeled values.

(3) Nutrients (total phosphorus and total nitrogeModel predictions within 95% confidence bounds
of the measured value. For a normally distribuesidual, these confidence bounds correspond to two
standard deviations about the mean. The modehelilieve this difference from the mean in 90% of
the modeled values.

Model Performance and Tolerable Errors In ModeleéBlbBecisions

The ultimate performance test for the TSSWCB SWAQddet is whether the output sufficiently
represents the natural system that is being siedilathis is a determination by the modeling team
based upon their expertise of model formulation@nsideration of the amount of available data, and
includes model validation. The validation praceasll utilize the field data to the maximal extent
possible, proceeding in the logical order indicatedhe previous section, and concluding with a
judgment of confidence in the model performanchis judgment will depend upon the nature of the
simulation conditions, and will be quantified witie available data. The same philosophy as applied
to model calibration, that the accuracy of the dialanits the accuracy of model performance, aed th
same criteria for satisfactory calibration enumedtaabove will be applied to the process of model
validation.

If a model application fails to meet the criterfacalibration, this will trigger stepwise actionhigh

will be documented in a corrective-action repofrst, all model input files will be reviewed for
conformity to 1/0O specifications in the SWAT documt&ion, and for accuracy of input. If no
corrections are necessary, or if the model failgnieet the stated criteria after corrections are
implemented, then the possibility will be considktieat the model application represents a stadistic
anomaly. If the number of such cases falls withen10% acceptable exceedance rate, then no further
action will be taken and these events will be singmcumented for the file. If the exceedance edsee
the 10% criterion, then the potential sources afrexill be enumerated, and whether those sourtes o
error will affect the measured data or the modépou If a model deficiency is identified, the mos
likely causes will be discussed, which will entaoimparison to other model executions, and perhaps
case-specific sensitivity studies.

Document Date: July 14, 2008



TSSWCB Project No. 04-14
Revision No. 2
Section A8

Page 21 of 108

A8  SPECIAL TRAINING/CERTIFICATION

Dr. George Ward will conduct model calibration,igation and development. He has the appropriate

education, training and experience required to aaely perform those duties. No special
certifications are required.
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A9 DOCUMENTS AND RECORDS

All records, including modeler’s notebooks and #lauc files will be archived by NETMWD for at
least 5 years. These records will document meséhg, calibration, and evaluation and will inctud
documentation of written rationale for model settiug., hand calculation checks, formatting), seurc
of field data, any exploratory and/or sensitiatyalysis results that might be performed in thes®u

of model validation, and documentation of adjusttaém parameter values resulting from the process
of calibration.

The NETMWD QA manager will produce an annual QA/@port, which will be kept at the
NETMWD offices with copies made available upon resfu Any items or areas identified as potential
problems and any variations or supplements to QgePedures noted in the QA/QC report will be
made known to pertinent project personnel and degiin an update or amendment to the QAPP. The
Project Manager will ensure distribution of the tmesent QAPP to all individual listed in Sectio8.A

Quarterly progress reports will note activitiesdocted in connection with the Water Quality modglin
work items or areas identified as potential proldeand any variations or supplements to the QAPP.
CARs will be utilized when necessary (See Attachini2¢n CARs will be maintained in an accessible
locations for reference at the NETMWD office. CAtRat result in any changes or variations from the

QAPP will be made known to pertinent project persdrand documented in an amendment to the
QAPP.

The model results will be communicated in one ares® memorandum reports to NETMWD,
including features of the modeled watershed, asp#anodel set-up and operation, comparison to
data, and numerical evaluation of model performaaceompanied by figures and tabular material as
necessary to communicate the results of the maubdication. This will comprise the final reportrfo
Task 9. In addition, the model team will work wKHETMWD and the Assessment and Mitigation
Project contractor to incorporate the data analgsesmodeling into sections of the Assessment and
Mitigation Project final report, as appropriate.
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Bl SAMPLING PROCESS DESIGN

Not Relevant
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B2 SAMPLING METHODS

Not Relevant
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B3 SAMPLE HANDLING AND CUSTODY

Not Relevant
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B4 ANALYTICAL METHODS

Not Relevant
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BS QUALITY CONTROL

Not Relevant
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B6 INSTRUMENT/EQUIPMENT TESTING, INSPECTION AND
MAINTENANCE

Not Relevant
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B7 CALIBRATION

As noted earlier, in addition to field data cotetas a part of the present project, the impleatiemt

of the SWAT model will require data from other ages, including (but not necessarily restricted to)
historical data on topography, soils, rainfall (artder meteorological parameters), land use, human
road and conveyance infrastructure, and vegetattuch data will be sought solely from reliable
professional sources.

Set-up and validation of the SWAT model for theiwdlial study watersheds will begin after QAPP
approval and after the data-collection effort islemvay. The SWAT model will be validated on
hydrology and water quality indicators, mainly, iseent and nutrients, as delineated in Section A
above. The performance critera are based on thmipe that the intrinsic accuracy of the
measurements circumscribe the expected accurabg ofiodel. The model will be considered to be
satisfactorily validated if the following criterexre satisfied:

(1) Flow - Model predictions within 95% confidenoeunds of the measured value. For average flow
prediction versus a long-term record typical of LE€#ations, this is on the order of 15% of the mean

(For a normally distributed residual, these confitiebounds correspond to two standard deviations
about the mean.) The model will achieve this déifee from the mean in 90% of the modeled values.

(2) Suspended solids - Model predictions withif@&onfidence bounds of the measured value. (For a
normally distributed residual, these confidencertatsucorrespond to two standard deviations about the
mean.) The model will achieve this difference frtra mean in 90% of the modeled values.

(3) Nutrients (total phosphorus and total nitrogeMpdel predictions within 95% confidence bounds
of the measured value. (For a normally distribuesiidual, these confidence bounds correspond to two
standard deviations about the mean.) The modkaehieve this difference from the mean in 90% of
the modeled values.
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B8 INSPECTION/ACCEPTANCE OF SUPPLIES AND CONSUMABLES
Not Relevant
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BO METHOD OF ACQUIRING INPUT DATA (NON-DIRECT
MEASUREMENTS)

The same procedures of model validation documentéte TMDL work (Ward, 2002) included in
Appendix B will be observed in the present projelhe key for validation is the storm event, aral th
associated runoff hydrograph, which is the primaygrometeorological process for streamflow
generation in this climatological area. Data asesywill be carried out in a two-step approacist fir
analyzing the storm hydrograph then the fluviogrégtkey waterborne parameters. The quality of
how well a storm event is sampled will be baseéxamination of the rating data, and the relation of
the water-sample times to the progress of the s{pem how water samples are distributed over the
course of the runoff hydrograph), and whether thta dare point grab-samples or flow-weighted
integrated samples. To quantify this judgmentatadjuality, a level of uncertainty, expressed as a
standard deviation, will be assigned, the hightrescorresponding to data of diminished qualeg, s
Ward (2002) in Appendix B. This same two-step pohae will be followed in model validation, in
that first the hydrological performance of the mogidl be subjected to calibration and validatitimen

the constituent concentration. Analysis of stoluwibgraphs is essentially the determination of the
mass load.

In addition to field data collected as a part ok tAssessment and Mitigation Project, the
implementation of the SWAT model requires data fadirer agencies, including (but not necessarily
restricted to) historical data on topography, sedsfall (and other meteorological parametees)dl
use, human road and conveyance infrastructurevegetation. Such data will be sought solely from
professional sources, collected and compiled bgiess trained in the discipline. Therefore, ralinf
data, for example, will be obtained from agencieshsas the National Weather Service, National
Climate Data Center, river authorities, and datarses implemented and reviewed by trained
meteorologists or hydrologists. Soils data willdi#ained from the extensive data holdings of the
Natural Resource Conservation Service, specificley STATSGO and SSURGO compilations,
supplemented by county soil surveys, where additiamformation or clarification is needed.
Topographic data will be obtained from USGS produand (if available and necessary) surveys by
registered professional surveyors. Land use @nakinucture data will be obtained from agenciefisu
as Texas Department of Transportation, TSSWCB, TCE&Qwvell as from on-site observations of
project personnel. Additionally, poultry appliaati rates, soil types, soil nutrient levels vegetati
cover, presence of Best Management Practices (BMRd)field runoff loads of nutrients and
sediments will be obtained for the twelve studgsibf this Project.
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B10 DATA MANAGEMENT

Data to be provided to the modeling effort is démd in Section B10 of the Assessment and
Mitigation of Agricultural and Other Nonpoint Actties in the Cypress Creek QAPP (NETMWD,
2005). Responsibility for data management duttiregcourse of the project is assigned to the prime
contractor HDR.

Document Date: July 14, 2008



TSSWCB Project No. 04-14
Revision No. 2

Section C1

Page 33 of 108

Cl ASSESSMENTS AND RESPONSE ACTIONS

Model assessment and selection was completedtptioe initiation of this SWAT modeling project as
part of the Lake O’ the Pines TMDL Program in ortteidentify a successful approach for non-point
source modeling in the Cypress Creek Basin. Tivere no response actions required as part of the
model assessment and selection process

As described in Section B9 (Non-direct Measurememtsdeling staff will evaluate data from edge-of-
field study sites to be used in calibration andhaslel input according to criteria discussed in Bect
A7 (Quality Objectives and Criteria for Model Ingl®utputs Data) and will follow up with the various
data sources on any concerns that may arise.

The model calibration procedure and applicableatfor satisfactory calibration and validatioe ar
discussed in Section A7 (Quality Objectives/ forddbinputs and Outputs). The data employed as part
of the modeling results will be evaluated during #alidation process specifically for its utilitg a
standard of model performance evaluation.

The modeling task is intended to rely upon the S\®@0J0 modeling code as published by ARS/BRC,
and modifications to the code will not be made.e BWAT software that is used to compute model
predictions is tested to assess performance rel&tigpecific response times, computer processing
usage, run time, convergence to solution, stalfityhe solution algorithms, the absence of terinina
failures, and other quantitative aspects of compmyeration, as part of the routine code generétyon
ARS/BRC. In the event that errors in the codediseovered through the routine model set-up and
validation procedures of this project, these emalidbe documented to NETMWD, TSSWCB and to
the authors of SWAT at ARS/BRC.
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C2 REPORTS TO MANAGEMENT

Corrective Action Reports (CAR) will be preparedhe modeling task to document any failures of the
model. The procedures and guidelines for datacidin QA is addressed separately in the NETMWD
project QAPP (NETMWD, 2005). As described in Sacth9, memorandum reports will document
activities conducted in connection with this wajeality modeling project.

If the procedures and guidelines established s @APP are not successful, i.e. the success of the
modeling activity is impaired in some way, correetiaction is required to ensure that conditions
adverse to quality performance are identified pribyrgnd corrected as soon as possible. Corrective
actions include identification of root causes oblgems and correction of identified problem(s).
Corrective Action Reports will be filled out to dawent the problems and the remedial action taken.
Copies of Corrective action reports will be inclddeith the NETMWD project final report. The
NETMWD project final report will discuss any probie encountered and solutions made.
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D1 DATA REVIEW, VERIFICATION, AND VALIDATION

The data review, verification, and validation prez@lentifies whether the final data package fer th
SWAT Modeling Project conforms to the quality stards of the TSSWCB and EPA, and are
separately addressed in the NETMWD project QAPPTIN®/D, 2005). As noted earlier, only those
data that are supported by appropriate qualityrobadata will be considered acceptable for use in
model validation. Validation and verification enita for the modeling, as defined by this QAPP, are
the standards that are used to determine whetkemtideling results are sufficient for drawing
conclusions related to the DQOs in Section A7.

The Project Leader of the Assessment and Mitigaianject is responsible for ensuring that data are
properly reviewed, verified, and submitted in tequired format for the project database.
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D2 VALIDATION METHODS

The watershed model, Soil Watershed Assessment [RWAT) is built with state-of-the-art
components with an attempt to simulate the prosgsisgsically and realistically. Most of the model
inputs are physically based (that is, based onilgeadlailable information or upon mechanistic
relationships). Itis important to understand ®ALAT is not a simple “one-parameter model” which
can be implemented in a formal optimization procedas part of the calibration process) to fit sety

of data. Instead, there are a number of input kbagthat are not well defined physically, incluglthe
runoff curve number and Universal Soil Loss Equatid and P generation rates, dependent in turn
upon biokinetic parameters of the land-cover vageta While these model parameters may be
adjusted within literature values so that the rssare consistent with knowledge of watershed
processes, there is no unique solution to the atdid process because there are generally many more
free parameters than sets of field data

Document Date: July 14, 2008



TSSWCB Project No. 04-14
Revision No. 2
Section D3

Page 37 of 108

D3 RECONCILIATION WITH DATA QUALITY OBJECTIVES FOR
MODELING

The SWAT modeling framework developed for this pobjwill be used to evaluate water quality
issues, as they pertain to sediment and nutriexaing at 12 selected study sites. The information
derived from this project together with the resufsother aquatic monitoring programs will be
consolidated to provide the TSSWCB, TCEQ, SWCDdarwl stakeholder groups with best-available
information pertaining to watershed characteristics
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ATTACHMENT 1 Letter to Document Adherence to the Assessment and
Mitigation of Agricultural and Other Nonpoint Sourc e Activities in the Cypress
Creek Basin SWAT Modeling Quality Assurance ProjectPlan on Behalf of
Northeast Texas Municipal Water District

TO: (name)
(organization)

FROM: (name)
(organization)

Please sign and return this form by (date) to:

(name)
(organization)
(address)

| acknowledge receipt of the referenced document{@derstand the document(s) describe quality
assurance, quality control, data management aodiggp and other technical activities that must be
implemented to ensure the results of work performididsatisfy stated performance criteria.

Signature Date

Copies of the signed forms should be sent by tharithg Agency to the TSSWCB NPS Project
Manager within 60 days of TSSWCB approval of theRPA

Document Date: July 14, 2008
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ATTACHMENT 2 SWAT Model Corrective Action Form

Date:

Problem:

Person(s)
Involved:

Cause of
Problem:

Corrective
Action:

Date:

Follow-up
Action:

Quality Review:

Reviewed by:

HDR Project Manager Date

Approved by:

Quality Assurance Officer Date

Document Date: July 14, 2008
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APPENDIX A. Work Plan

Task 9: SWAT Modeling

Objective: Employ the results of non point nutrient loss frepecific land use types (this study),
together with the results of other aquatic moniigprograms, to examine and refine, as appropriate,
elements of the SWAT model which are currently dase literature values or limited local data.
Operate the SWAT model to better evaluate landimpacts to nutrient loading to Lake O’ the
Pines, effectiveness of BMP’s, and progress towaldeving the goals of the TMDL.

Task 9.1: Small scale SWAT models will be calibrated andfiest for each study site
using measured properties (e.g., soils and sailamis, vegetative cover and cover types,
seasonal effects, antecedent conditions, runoffsyailSS and nutrient concentrations)
instead of the literature values employed in thieeL@’ the Pines TMDL modeling.

Task 9.2:The validated models will be used to identify thegonvariables affecting nutrient
loss from the study sites and examine the relatipssamong those variables in order to
evaluate the effectiveness of water quality managgmplans (WQMPS) in limiting nutrient
loss and to estimate basinwide progress in reduagrgcultural nutrient loss since the
widespread imposition of WQMPs in the Lake O’ tlreeB watershed began in about 2000.

Deliverables

= Avalidated SWAT model for each study site. Madistumentation including identification
of measured variables used in each model togetitaram evaluation their respective
confidence intervals and major differences, whley toccur, with previously employed
input variables.

= Model runs necessary to estimate the nutrient tezhgachieved through time as WQMPs
have been implemented. The results of the SWATaimagl of the study sites will be
appropriately presented in the final report (Tagk 9

Document Date: July 14, 2008
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APPENDIX B. Validation of Watershed Loading Model

TECHNICAL MEMORANDUM
Big Cypress/Lake o' the Pines TMDL Project

TO: Paul Price Associates, Inc. FROM: George H.dVar

COPY: Walt Sears, NETMWD Center For Research inéMaesources
Arthur Talley, TNRCC University of Texas

DATE: 25 November 2002

VALIDATION OF WATERSHED LOADING MODEL

1. Introduction

Apart from point-source discharges, contaminanthénwatercourses of the Lake o' the Pines basin
derive from landscape loading (so-called nonpamirse), so the development and application of a
model of watershed processes is an important coemgari the TMDL process. An earlier review

of available models (Ward, 2001a) described thmédation and structure of watercourse models
and noted the role of landscape processes (Fig.ripdeling the Cypress basin. It was observed
that there are two distinct hydrological regimegwoihcipal concern to the Lake o' the Pines basin
TMDL: the low-flow condition and the storm runoffent. The former is typical of summer
conditions, in which the streams and tributariegildarate to the high production of summer, and is
particularly critical to Lake o' the Pines, becatlss is the condition under which degraded water
quality occurs.

The storm runoff event is typical of the equindcs@asons, i.e. spring and fall, when the system
receives the majority of its runoff. Under thigjirae, the chief concern is the dynamic loads of
contaminants derived from various landuse actiwisiech as agriculture, land waste disposal, urban
and suburban development, etc. Central to thisnegs the mobilization of contaminants from the
watershed surface and their subsequent transporthie waterways of the basin. It is this collecti

of processes that the watershed model seeks totd&ard (2001a) summarizes the nature and
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Figure 1 - Schematic of principal components of sfiace water network of Big Cypress Basin

approaches to watershed modeling, in which thensfag¢el is viewed as@ocessorof rainfall, and
two categories of mechanism are distinquished:digdy and transport. Hydrology characterizes
the water budget, composediafiltration, in which a portion of the impingent rainfall pérages the
ground and enters the soil, anohoff, in which the remaining rainfall moves by graviityo the
surface drainage system. The infiltrated waterlmpvaporated back to the atmosphere, taken up
by plants and transpired to the atmosphere, paectiadeeper layers of soil or aquifers, or move
through the subsurface to re-emerge as interfloavtibutary channel. Runoff moves across the
watershed surface organizing into rills and furrpgudlies and swales, tributaries and ultimately

stream channels.

Transport mechanisms include the processes by veloigtaminants in particulate or dissolved form
are entrained into the runoff. Particles of seditan the watershed surface are mobilized by the
movement of water over the land surface. Thisgseds basic to erosion, and the importance of
guantifying soil erosion has been a motivator far development of watershed models for many
years. Whatever is removed by erosion from thd knface is carried into the drainageways as a
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sediment load, along with many pollutants that gorsoil particles. In addition, contaminants

dissolved in the runoff water represent a soluki@u to the downstream drainageways.

Models differ in the methods by which they deplatge basic processes, by the numerical
representation of the watershed, and by the contplekrainfall and other hydrometeorological
variables they accommodate. Application of the eteélection rationale in Ward (2001a) resulted
in two candidate models, the SCS ma8&IAT(Soil and Water Assessment Tool) or the USGS
modelHSPF(Hydrological Systems Program - Fortran), botkvbfch are surveyed in Ward and
Benaman (1999). At the time of issuance of WafiD{2), no final selection had been made
between the two, pending available of storm daienfthe automated flow and water-sampling
system operating in the Big Cypress basin. Ansalgsistorm data from this sampling network
(reported in the following section) and considematof the specific requirements of the Big Cypress
TMDL, especially the large TSS and nutrient loangeating from several key watersheds, have
now led to a choice of SWAT as the model for usthenBig Cypress TMDL. This report describes

application of SWAT to key watersheds in the baaim its calibration and verification.

2. Storm event data analysis

This validation focuses on six watersheds, seleoteduse they represent a range of soils, landuse,
and vegetation that typify the variety of propestt# watersheds in the Lake o' the Pines basin, and
because comprehensive hydrological and water-gusibrm data are available for at least two well-
defined events on each station. The availablerstiata for the six watersheds are summarized in
Table 1. (In addition to these, monitors were afed at Stations 15836 and 17029 on Prairie Creek,
15894 on Boggy Creek, 17027 on Meddlin Creek, 148Kitchen Creek, and 17034 and 17035

on tributaries in the Hart Creek catchment.)

It will be noted that only data after 2000 are esgnted in Table 1, moreover, apart from a small
storm in January 2001, these data are from thaufalwinter of 2001. The sampling stations were
in fact installed and operational in time for tipgisg storm season in 2000. This season proved to
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Table 1 - Storm events data inventory

Station event chemistry flow watershed comments
(period) number of period sampling projEst
samples of data interval
(min)
10263 Tankersley Creek at FM 127 larger subnshézl,
10-13 Jan 01 3 10-13 Jan 5 including light urban, record terminates 12:10 13 Jan
11-12 Oct 01 3 11-12 Oct 5 pasture, some litter ~ ew storm 23:55 12 Oct
13-16 Oct 01 1 12-20 Oct 5 application
27 Nov - 5 Dec 01 5 27 Nov-5 Dec 5 WQ sampleSQ@8&lov
10266 Hart Creek at SE 12 larger subwatershed,
10-13 Jan 01 5 10-13 Jan 5 including light urban, record terminates 12:25 13 Jan
11-12 Oct 01 3 pasture, some litter new stoBmd2 12 Oct
13-16 Oct 01 2 application
27 Nov - 5 Dec 01 5 28 Nov-5 Dec 5 WQ sampleS@8lov
16455 Alley Creek at SH 155 small, forested lwatent,
10-13 Jan 01 no data 10-12 Jan 5 no known fegtibor record terminates 10:15 12 Jan
11-12 Oct 01 2 11-12 Oct 5 litter application neterm 00:05 13 Oct
13-16 Oct 01 no data 12-20 Oct 5
27 Nov - 5 Dec 01 5 27 Nov-5 Dec 5 WQ sample228lov
24-26 Jan 02 3 24-26 Jan 5 WQ samples on 24 Jan
17030 Prairie Creek Tributary at CR 1264 Crossing small catchment with
10-13 Jan 01 2 10-13 Jan 15 uniform soils and-lan record terminates 13:30 13 Jan
11-12 Oct 01 4 10-12 Oct 15 use, pasture, no knownew storm 23:45 12 Oct
13-16 Oct 01 no data 13-16 Oct 15 fertilizeritet appli-
27 Nov - 5 Dec 01 no data no data cation floword terminated 19 Oct 01

(continued)




TSSWCB Project No. 04-14
Revision No. 2

Appendix B
Page 46 of 108
Table 1 (continued)

Station location event chemistry flow comment

(period) number of period sampling

samples of data interval
(min)

17031 Prairie Creek Tributary at CR 1140 Crossing small catchment with

10-13 Jan 01 3 uniform soils and land-

11-12 Oct 01 5 10-12 Oct 15 use, pasture, heavy ew gstorm 23:45 12 Oct

13-16 Oct 01 no data 13-18 Oct 15 litter appidzat

27 Nov - 5 Dec 01 5 28 Nov-5 Dec 15 WQ samp&22 Nov

flow record starts 9:15 28 Nov

17033 Boggy Creek at FM 144 near Omaha-North maddeatchment,

10-13 Jan 01 5 10-13 Jan 5 mainly pasture w/ reeieominates 11:25 13 Jan

11-12 Oct 01 5 10-12 Oct 5 light litter appliceti new storm 23:25 12 Oct

13-16 Oct 01 no data 13-20 Oct 5

27 Nov - 5 Dec 01 5 27 Nov-5Dec 15 WQ sampleS@8iov
17057 Boggy Creek Tributary at CR 3301 modecatehment,

10-13 Jan 01 4 no data 5 similar to 17033 excegata logger failed

11-12 Oct 01 3 11-12 Oct 15 about 5 x rate tdrit new storm 23:30 12 Oct

13-16 Oct 01 no data 13-16 Oct application

27 Nov - 5 Dec 01 5 28 Nov-5 Dec 15 WQ samp&8@ Nov
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be excellent, with well-separated, highly peakedrstevents, exactly what was needed for the
validation process, but the sampling equipmentadook be activated because of the QAPP approval
process. The project then entered a period of almars climatology. Fall of 2000 was basically a
drought, with few (and small) events. Winter 201 produced record rainfalls which occurred

in a one-month period and in the process flushedvidtershed, so that later storm events were
unrepresentative of normal loading. (Data from small storm event, the 10 January event, were
obtained before the watershed was washed awayipngS001 saw a return to drought: the few
events that occurred were so small and scattered@sduce no loading. Thus, the storm data
available from the monitoring network are conceteglan fall 2001.

In order for a storm event to be usable in the detepralidation process it is necessary that both
hydrological (i.e. stream flow) and water-qualiigta be obtained. Stream flow is measured by a
water-level sensor, from which flow in determinedptoying a "rating relation” for that gauge, an
empirical curve displaying the relationship betws&eam flow and water level, see Ward (2001b).
The rating relation in turn is established by aeseof flow measurements executed by current-meter
cross sections, to which the rating relation igditstatistically. The level sensor operates
continuously, measurements being read and recanatednatically by the data logger at a preset
time interval, typically a few minutes. Loss ofesgmflow data can occur due to lack of field
measurements of flow from which a rating relatian e determined, failure of the water level
sensor, or failure of the data logger. Although ¢bomponents of the streamflow monitors are quite
reliable, it must be recognizes that they are deggidor long periods in untended operation in a

hostile environment, so failures are unavoidable.

The water quality data are determined by analylsigaber samples drawn by an automatic pumping
water sampler, whose sampling is triggered by tta tbgger based upon water levels, and several
pre-programmed options. Operation of the sam@larfail if the data logger or the pump fails.
Moreover, water level samples can be lost if theyret retrieved from the sampler within a
window of time for starting the chemical analysé&wen if all of these elements work, the selection
of sampling strategy based upon thresholds and cdtese of water level is, in effect, a guessoas
the intensity and rate of the next storm eventhdt guess proves wide of the mark, then the water
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samples may be drawn at illogical intervals dutimg course of the storm.

water level
flow
concentration

A

» time

rain
event

\{

rainfall

water level
& stream flow
hydrograph

baseflow
»  time
rising limb f receding limb
of hydrograph of hydrograph

Figure 2 - Qualitative appearance of runoff hydrogaph and
constituent concentration profile over time duringstorm event

A runoff hydrograph resulting from a brief interrsénfall event has the general shape shown in
Figure 2. Associated with this event is a rise fafidn the concentration of a waterborne
constituent derived from the watershed, referreaistthe stornfluviograph(or pycnographor more
commonly, but with utter disrespect for the langai@gllutograpl). Based upon considerations of
water-velocity alone, the peak of the constitueighihbe expected to coincide with that of flow, but
the concentrations are tirgegratedresult of a complex of threshold, nonlinear arettial

processes, the net effect of which may be to adv#re constituent peak or to retard it with respect
to flow. Different parameters exhibit differenti¥iographs. TSS is particularly complicated, iatth
it can result from sediment mobilization on the @vahed or within the stream channel, and be

further modified by grain-size dependent scour settling.
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A network of automatic precipitation gauges wasaithsd throughout the Cypress Basin, see Figure

3. Each of these stations consisted of an "eventirder and data logger that responded to an
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Figure 3 - Precipitation stations operated in Lakeo' the Pines watershed

"event" of a cumulated 0.01-inch of precipitatidfor each "event occurrence, the logger records
date and time. The record of such "events" caprbeessed an re-expressed as precipitation per
unit time. For purposes of this study, these "&/ewere cumulated by day to yield daily
precipitation. In the analyses of storm hydrogshe gauge (or gauges, appropriately averaged)

most representative of the stream station waterglasdemployed.

Figures 4et seqdisplay the storm hydrographs for each of theysttdrms, at each of the validation
stations, along with the measured precipitatioriiegiple to that station. The rating for each stati

has been employed to convert water level to fldle times at which water samples were drawn are
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Figure 4 - January 2001 storm event, hydrograph ashwater sample times,
Station 10263 Tankersley Creek
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Figure 5 - January 2001 storm event, hydrograph ashwater sample times,
Station 10266 Hart Creek
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Figure 6 - January 2001 storm event, hydrograph ashwater sample times,
Station 16455 Alley Creek
4 4 = L] = 0.0
I
3 4
- N
@ £
S =
®
g £
= @
£
= o
2] K
1
0 T T T 1.0
0 1 2 3 4
elapsed time after 00 10 Jan 01 CST (days)

Figure 7 - January 2001 storm event, hydrograph ashwater sample times,
Station 17030 Prairie Creek tributary
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Figure 8 - January 2001 storm event, hydrograph ashwater sample times,
Station 17031 Prairie Creek tributary
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Figure 9 - January 2001 storm event, hydrograph ashwater sample times,
Station 17033 Boggy Creek
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Figure 10 - October 2001 storm events, hydrograpand water sample times,
Station 10263 Tankersley Creek
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Figure 11 - October 2001 storm events, hydrograpand water sample times,
Station 10266 Hart Creek
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Figure 12 - October 2001 storm events, hydrograpand water sample times,
Station 16455 Alley Creek
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Figure 13 - October 2001 storm events, hydrograpand water sample times,
Station 17030 Prairie Creek tributary
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Figure 14 - October 2001 storm events, hydrograpand water sample times,
Station 17031 Prairie Creek tributary
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Figure 15 - October 2001 storm events, hydrograpand water sample times,
Station 17033 Boggy Creek
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Figure 16 - October 2001 storm events, hydrograpand water sample times,
Station 17057 Little Boggy Creek
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Figure 17 - November-December 2001 storm event, éiograph and water sample times,
Station 10263 Tankersley Creek



TSSWCB Project No. 04-14
Revision No. 2
Appendix B

Page 58 of 108

160 0.0

140

120

100

80 4 r 05

stream flow (cfs)
hourly rainfall (ins)

60 -

40

20 4

0 2 . s s
elapsed time after 00 26 Nov 01 CST (days)

Figure 18 - November-December 2001 storm event, éiograph and water sample times,
Station 10266 Hart Creek
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Figure 19 - November-December 2001 storm event, éograph and water sample times,
Station 16455 Alley Creek
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Figure 20 - November-December 2001 storm event, éograph and water sample times,
Station 17031 Prairie Creek tributary
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Figure 21 - November-December 2001 storm event, éograph and water sample times,
Station 17033 Boggy Creek
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Figure 22 - November-December 2001 storm event, éipograph and water sample times,
Station 17057 Little Boggy Creek
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Figure 23 - January 2002 storm event, hydrographrad water sample times,
Station 16455 Alley Creek
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Station description

10263 Tankersley Creet at FM127

10266 Hart Creek at Titus County Road

15836 Prairie Creek at FM557

15894 Boggy Creek at FM144 (downstream crossing)
16455 Alley Creek at SH155

17027 Meddlin Creek at Snapdragon Road

17028 Prairie Creek tributary at FM993

17029 Prairie Creek tributary (west channel) at B®I9
17030 Prairie Creek tributary at Camp CR1264
17031 Prairie Creek tributary at Camp CR1140
17032 Kitchen Branch at FM2254

17033 Boggy Creek at FM144

17034 Hart Creek tributary at 1st Street (Mt Plagsa
17035 Hart Creek tributary at W. Arizona Street Mtasant)
17057 Little Boggy Creek at Green Street

ki

65.4
119.3
79.1
5.24
32.3
17.2
1.3
3.2
1.8
5.0
9.2
38.1
2.6
1.2
31.3

acres

1.62% 10
2.96%
1.95x 16
6.08 x 16
7.98 x 19
4 % X
3.210% 1
7.91x 10
454.1G
24 %.1G
2.27 %10
9.41 x 19
6.42 x 19
2.97 x40
X188

shown as vertical lines. By comparing these sargplevent” lines to the storm hydrograph, the

adequacy to which each storm was sampled can bedmaiely judged. The objective of analysis is

to quantify the runoff and mass load associatet aiit entire storm hydrograph. The widespread

interest in nonpoint-source runoff over the pastéldecades has motivated operation of automated

sampling systems similar to those used in the Bigré€ss, and considerable ingenuity has been

invested in extracting data from a few water sasplatained at intervals over the course of the

storm. A review of the literature addressing ssitiim analysis is far beyond the scope of this

report. Suffice it to say that the desired thaoatiquantity is the integral:

ijcdt

(1)

in which Q(t) denotes streamflow arg{(t) concentration. The methods of estimating thisgrl

involve either (a) fitting of the water-quality @ac(t;) with a time function to allow numerical

determination of the above integral, or (b) congtan of some sort of average of the sample
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concentrations that can be multiplied by the starnoff to estimate load. The bulk of the methods
follow (b), in which the flow-weighted event-meaoncentratiorEQMC s the conventional
guantity. In this work, we seek to delay the impos of assumptions in the analysis of data as
much as possible, and therefore employ linearioglatbetween the measured water quality
concentrations, then evaluate (1) by its summapdoxpmation

Zk: PQ(KAL) x (kAt) At @

in which X(t) is the depiction of the fluviograpb(t) by piecewise concatenation of linear functions

passing through data poiraét) andc(t,4), time t = k At andAt is the time increment, taken to

be either 15 mins or 30 mins, depending upon thataun of the hydrograph and the resolution of
the water-level data. The quality of this approaiion depends upon the accuracy with which Q is

measured (especially, the accuracy of the ratitegioa for the gauge), the accuracy of

determination of parameteg , and the distribution of the discrete sam@éfs) over the storm

event.

In the present analyses, the storm data were emglimythe maximal extent. The quality of the
rating relation was examined (and in a few caseter&ved), and the relation of the water-sample
times to the progress of the storm were determiakdf which were used to make a judgment of
how well a storm event was sampled. When watepteswere available and well-distributed over
the course of the runoff hydrograph, the qualityhef data were judged to be high. If the stornkpea
were missed, or if water samples were not drawarbdahe beginning of the hydrograph rise or
sufficiently long after the peak had subsidedfaome of the water quality analyses appeared
corrupted, the quality of the data was downgratetithe data set was still employed in these
analyses. To quantify this judgment of data quaditlevel of uncertainty, expressed as a standard
deviation, was estimated and assigned, the higilaes corresponding to data of diminished

quality.

Data analyses were carried out in a two-step apprdaist analyzing the storm hydrograph then the

fluviograph for key waterborne parameters. Thimag@rocedure was observed in model validation,
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in that first the hydrological performance of theael was subjected to calibration and verification,
then the constituent concentration. The rainfedirgs producing the storm runoff are summarized in
Table 3. (The hourly rainfalls are plotted in Higsi4et seq) The time points for each storm are
referenced to a specific date, selected for comvaa@. These reference dates are given in the first
column of Table 3. The runoff produced from astaf given intensity is strongly dependent upon
the state of dessication/ saturation of the waestsiTherefore, the antecedent dry period and the
magnitude of the previous rainfall are importamtiées to the processing of that rainstorm by the
watershed, and are also given in Table 3 (the fobamg measured by the time in days after the
end of the previous rainy period). The Octoberl28@ent was in fact two storms (see Figures 10-
16), the second beginning 48 hours after the fikdbreover, the 11 October event followed a
protracted dry period (not reflected by the dataalble 3, which reports only the antecedent period
of 6 days after a minor rainfall of 1.3 cm), so thaoff from the first storm of the pair was much
diminished in comparison to the second, and thedgrdph of the first was still receding when that
of the second began. This greatly complicatestfaysis and modeling of this event. Normally,
for model validation purposes, such a compoundsteould not be employed, but the small

number of suitable storms captured by the monigppirogram necessitated its use.

The corresponding hydrograph analyses are presanieble 4. The same reference dates are used
as in Table 3. As the principal concern in thialgsis is the storm runoff, the storm hydrograph is
"scalped" from the baseflow (see Fig. 2). The ffireanfall ratio (R/R in Table 4) is a fundamental
measure of the production of the watershed perpratipitation. It is a function of soil infiltriatn,

land use, vegetational ground cover, stream moqggypland the time series of rainfall. In

particular, the antecedent dry period has a stiafiigence on the value of the R/R coefficient:
excluding the larger watersheds of Tankersley aad, lthis variable alone accounts for about 25%

of the observed variance, see Figure 24. (Thatdinsgression is shown in Fig. 24: the actual
dependency is nonlinear, asymptotically tendingexw.) The runoff volume and mean flow values
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Table 3 - Storm analyses: rainfall events

reference
date
0000 CST

10-Jan-01
11-Oct-01
12-Oct-01
27-Nov-01

10-Jan-01
11-Oct-01
12-Oct-01
27-Nov-01

10-Jan-01
11-Oct-01
12-Oct-01
27-Nov-01
24-Jan-02

10-Jan-01
10-Oct-01
13-Oct-01

raingauge

Pilgrims
Pilgrims
Pilgrims
PM*

PMM**
PMM**
PMM**
PM*

NETmims
NETmims
NETmims
NETmims
NETmims

Wright
Wright
Wright

rainfall event

previous rainfall comments

start
(days)

0.54
0.00
1.00
0.88

0.58
0.21
1.00
0.88

0.58
0.00
1.04
0.63
0.00

0.54
0.75
0.00

duration  total end total
(hrs) (cm) (days) (cm)
10263 Tankersley Creek at FM 127
16 2.0 9 0.6
9 3.6 6 1.5
17 4.2 1 3.6
41 6.6 3 1.0 gap in Pilgrims record, McCullum terminates 1.79sda
10266 Hart Creek at SE 12
13 1.7 9 0.5
4 3.2 6 1.3
17 4.4 1 3.2
41 6.6 3 1.0 partial record at MCCullum, other raingauges failed
16455 Alley Creek at SH 155
13 1.2 9 0.6
9 5.7 6 1.4
19 54 1 5.7
47 7.5 3 0.6
14 2.2 5 0.5
17030 Prairie Creek Tributary at CR 1264 Crossing
16 1.9 7 0.4
15 2.3 5 0.2
19 54 2 2.3

(continued)
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Table 3 - Storm analyses: rainfall events (contijue

reference
date
0000 CST

10-Jan-01
10-Oct-01
12-Oct-01
27-Nov-01

10-Jan-01
10-Oct-01
12-Oct-01
27-Nov-01

10-Oct-01
12-Oct-01
27-Nov-01

raingauge

Bicounty
Bicounty
Bicounty
Wright

Omaha
Pilgrims
Pilgrims
McCullum
Pittsburg

Pilgrims
Pilgrims
McCullum
Pittsburg

*Pittsburg & McCullum mean
** Pilgrims, McCullum, Mt Pleasant mean

rainfall event previous rainfall comments

start duration total end total
(days) (hrs) (cm) (days) (cm)
17031 Prairie Creek Tributary at CR 1140 Crossing
0.54 16 2.1 8 0.6
0.75 15 4.0 5 0.4
1.00 21 6.4 1 4.0
0.88 41 5.9 3 0.9
17033 Boggy Creek at FM 144 near Omaha-North
0.63 28 2.3 7 0.1
0.00 9 3.6 5 1.5 Omaha gauge buggy
1.00 17 4.2 1 3.6 Omaha gauge buggy, no clear start/end of rainfall
0.88 2 5.3 n/a n/a McCullum gauge terminates on 28 Nov
3 1.0
17057 Little Boggy Creek at CR 3301
0.00 9 3.6 5 1.5 see above
1.00 17 4.2 1 3.6 see above
0.88 22 53 n/a n/a see above

3 1.0
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Table 4 - Storm analyses: hydrograph events

reference start  duration volume mean est R/R conanen
date flow error

0000 CST (days) (hrs) (m3) (m3/s) (%)

10263 Tankersley Creek at FM 127
10-Jan-01 0.81 64.7 2.41 x310 1.03 20 0.19 flow record terminated
11-Oct-01 0.14 44.5 8.02x310 5.01 30 0.34 recession truncated by next storm
12-Oct-01 0.96 45.0 5.62x10 3.47 25 0.21 main surge of hydrograph
27-Nov-01 0.96 97.0 472x30 1.35 40 0.11 recession ragged, clipped at 4 days

10266 Hart Creek at SE 12
10-Jan-01 0.96 61.2 4.98 x30 2.26 20 0.25
11-Oct-01 0.52 35.3 5.08 x40 4.01 30 0.13 truncated by next storm
12-Oct-01 1.00 52.0 5.91x30 3.16 30 0.11 main surge of hydrograph
27-Nov-01 1.52 59.5 5.29x30 247 40 0.07 clipped ragged receding limb
16455 Alley Creek at SH 155
10-Jan-01 0.75 40.3 3.29 x40 0.23 25 0.08 flow record terminated
11-Oct-01 0.00 48.0 1.90x30 1.10 30 0.10 recession truncated by next storm
12-Oct-01 1.00 72.0 3.44x310 1.33 30 0.20
27-Nov-01 0.96 97.0 3.27x20 0.94 40 0.13 recession ragged, clipped at 4 days
24-Jan-02 0.06 70.5 8.65 x40 0.34 40 0.12
17030 Prairie Creek Tributary at CR 1264 Crossing

10-Jan-01 0.57 71.8 4.48 x310 0.02 20 0.13
10-Oct-01 1.17 20.0 2.26 x40 0.03 15 0.05 recession truncated by next storm
13-Oct-01 0.96 49.0 1.17 x40 0.07 20 0.12

(continued)
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Table 4 - Storm analyses: hydrograph events (coatin

reference start  duration volume mean est R/R cortgmen
date flow error
0000 CST (days) (hrs) (m3) (m3/s) (%)
17031 Prairie Creek Tributary at CR 1140 Crossing
10-Jan-01 0.71 68.0 1.28 x40 0.05 20 0.12 flow record terminates
10-Oct-01 1.18 43.0 6.73x30 0.04 25 0.03 recession truncated by next storm
12-Oct-01 0.96 73.0 1.20x310 0.46 20 0.38
27-Nov-01 1.39 38.8 8.79x40 0.63 40 0.30 flow record missed initial rise
17033 Boggy Creek at FM 144 near Omaha-North
10-Jan-01 0.92 61.3 1.57 x30 0.71 20 0.18 flow record terminated
10-Oct-01 1.19 42.8 1.63 x40 1.06 20 0.12 recession truncated by next storm
R/R based on Pilgrims gauge

12-Oct-01 0.96 73.0 2.73x90 1.04 20 0.17 R/R based on Pilgrims gauge
27-Nov-01 1.00 120.0 2.88x10 0.67 15 0.14 R/R based on McCullum & Pittsburg gauge

17057 Little Boggy Creek at CR 3301
10-Oct-01 1.22 40.7 1.09x310 0.74 15 0.10 see above
12-Oct-01 0.96 86.0 3.15x30 1.02 15 0.24 see above

27-Nov-01 1.44 85.5 503x310 1.63 40 0.31 see above
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Figure 24 - R/R coefficient (Table 4) versus antedent dry period (Table 3)

are storm-event values, i.e. applicable to thepgchstorm hydrograph and therefore relative to the
duration of the runoff event. Because these akped values, the mean flow excludes base flow,
which at a few of these stations can be substantial

The estimated standard error is a judgment cadintiflying the general quality of the storm-event
data. This error is increased by uncertainty enghuge rating relation (too few flow data, or too
much scatter), by failure to monitor the pre-rigsvfor the complete recession limb, or by the
superposition of other storm hydrographs on thesmght from the data. Reasons for downgrading
the quality of the data (i.e., increasing the eated error) are given in the "comments" columne Th
estimate of storm runoff mass load cannot be b#ttar the error in the hydrograph, but will in fact

be further compounded by uncertainty in the wateality sampling, which is addressed next.

As noted above, analysis of storm fluviographsseeatially the determination of the mass load (2).

Three key water-quality variables were employethenfluviographical analyses: total suspended
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Figure 25 - January 2001 storm event, Station 17838oggy Creek,
water quality measurements and hydrograph

solids (TSS), total nitrogen and total phosphoriistal nitrogen is the sum of the organic and

inorganic species, e.g. kjeldahl plus (N®O3). TSS is an important variable because it isactli

measure of sediment particles mobilized from theevshed, and is a water-quality variable that can
be determined inexpensively with a fair degreeretision. The advantage of focusing the analysis
on total P and total N, rather than specific conmus) e.g. ammonia, is that the effect of kinetic

reactions in interconverting from one form to thlees is automatically eliminated.

The procedures and pitfalls of the fluviographialgses will be illustrated by example. The
difficulties arise from the fact that the fluviogta unlike the fine time resolution of the hydrqgna

is sampled sparsely and randomly in time (randothbB, is, with respect to the hydrograph).
Consider, for example, the storm of January 20Gdnitared at the Boggy Creek station 17033, see
Fig. 9. Five water samples were drawn, fairly amily distributed around the hydrograph peak,

and over the main surge of the runoff event. Thj@obably as well-sampled a storm event as we
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Figure 26 - January 2001 storm event, Station 108@Hart Creek,
water quality measurements and hydrograph

could expect, given the constraints of pre-programgran automatic sampling strategy, and
balancing information versus cost. Figure 25 shthesvariation of concentration of TSS, total N
and total P, plotted on the hydrograph. For TSSdta suggest a fair degree of confidence in
estimating the fluviograph, but there is uncertaintwhether the maximum point is truly the peak,
what the background (pre-storm) concentration shbel(whose value has to be estimated, i.e.
guessed), at what point the TSS receded to itstorea concentration, and to what extent the linear
interpolation approximates the real fluviographlofe that, wherever the true TSS peak may have
occurred, it dichot coincide with the hydrograph peak, but in factitlday several hours.) Despite
the good distribution and realistic variation of tmeasurements, there is still a residual unceytain
in the storm load evaluated from (2), in excesthefuncertainy in the hydrograph. An even greater
uncertainty attaches to the N and P loads, whosesunements are less well-behaved than TSS, and
whose laboratory determinations are less predi$e corresponding estimates of standard error for

the mass loads are therefore even larger thanalnes given in Table 4.
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Figure 27 - October 2001 storm event, Station 168%Alley Creek,
water quality measurements and hydrograph

Figure 26 displays the data for the same Janua@¥ &rm at Station 10266. Five samples were
also obtained at this station, but their distribntwith respect to the hydrograph suggests that the
maximum part of the fluviograph (the "crest") wassed. This clearly compromises the accuracy
with which (2) can be evaluated, so the assignegm@nty would be higher than the example of
Fig. 25. An even more extreme example is showsign27, from the 11 October 2001 storm at
Station 16455. (This was a compound storm, seelRigout only the first hydrograph is shown
here.) In this case, only two water quality sareplere obtained, both after the hydrograph peak
had passed. The concentrations of TSS, N andyBther with the measured flow, allow the load to
be quantified to at best order of magnitude. Thisonetheless, useful information, and should not

be disregarded, but clearly carries a level of taagy that is much higher than the data of Fig. 2
or Fig. 26.

Yet another problem is exhibited by the data ofoDet 2001 at Station 17031, shown in Table 5. In

this case, 5 samples were drawn over the stormolyaiph, but with poor distribution: the first three



TSSWCB Project No. 04-14
Revision No. 2
Appendix B

Page 72 of 108

Table 5
Water quality data, October 2001 storm Station 1703

date time TSS Total P Total N
(CST) (mg/L) (mg/L) (mg/L)
10/11/01  8:27 510 BDL* 3.82
10/11/01 8:41 41 0.167 2.48
10/11/01  8:46 54 0.216 2.08
10/11/01 12:24 1570 0.508 17.01
10/11/01 17:25 56 0.373 5.73

* detection limit 0.01

of these were drawn within a 20-min period. Theateon of these three, nearly contemporaneous
samples, however, is about an order of magnitud€$& and total P, which illustrates the potential

intrinsic "noise" in storm data, arising from thigthnatural variability in concentration.

One final exam, Figure 28, demonstrates the contglexand vagaries—of storm data, from the
November storm at Station 17057 on Little Boggy . 22). This is one of the better data sets
taken, in which five water samples were obtained tere well-distributed with respect to the
hydrograph. With discrete samples, there is alwenggrtainty as to whether the maximum
concentration was obtained. Assuming that theteala representative of the respective
fluviographs for TSS, P and N, the peak in the TI88ograph is seen to lead that of the
hydrograph, while the peaks of both P and N lagdhéhe hydrograph.

The storm loading data determined for each of theysstorms are summarized in Tables 6 - 8, for
TSS, total P and total N, respectively. Thesdrgsgrated (or averaged) values over the duration o
each storm hydrograph, after scalping from the ftmse EMC is the average concentration over
the duration of the event, while EQMC is the flowighted average concentration. (EQMC is the
guantity that is most frequently identified as "etrenean concentration" in storm loading analyses.)
The "mean load" is the most important quantityedained from these analyses, as this quantifies
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Figure 28 - November 2001 storm event, Station 130 Little Boggy Creek,
water quality measurements and hydrograph. (Firsthree total-N
values estimated from measurements of Kjeldahl.)

the rate of mass influx associated with the stovene The standard error (expressed as a
coefficient of variation in per cent) is a judgmeithe uncertainty in the load estimate, basedupo
the considerations examplified above, as well asuticertainty in determination of runoff volume
(Table 4). The error of a load estimate can bbetter than the error in runoff volume, but can be
rendered worse by poor time distribution of sampesatic behavior of the data, and analytical
imprecision. These considerations are reflectatierassigned standard errors, and are summarized

in the "comments" for each storm data set.
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Table 6
Total Suspended Solids (TSS) mass loading datstdidly storms
mass EMC EQMC mean load est error comment
Station 9) @® (9imd) (gls) (%)
10263 Tankerdey Creek at FM 127
10-13Jan 01 1.00E+07 35.7 41.6 43.0 40 hydrograph crest only sampled, total mass
underestimated due to truncation of event
11-12 Oct 01 456E+08 586.1 569.0 2833.4 50 only 3 samples, total mass underest due to
truncation by next storm
28 Nov - 1 Dec 01 2.64E+07 43.2 55.9 75.2 50 4 samples, good distribn, baseflow conc
uncertain
10266 Hart Creek at SE 12
10-13 Jan 01 4.46E+07 88.8 89.6 201.6 50 peak missed, total mass underestimated due to
truncation of event
11-12 Oct 01 7.34E+07 141.6 144.2 574.3 60 poor distrbn, total mass underest due to
truncation by next storm
28 Nov - 1 Dec 01 4.64E+07 98.7 87.8 215.0 40 5 samples, good distribn, baseflow conc
uncertain
16455 Alley Creek at SH 155
11-12 Oct 01 1.16E+07 59.3 61.0 66.8 80  only 2 samples
28 Nov - 1 Dec 01 3.37E+07 915 102.8 95.9 50 5 samples but on rising & falling limbs, missing
main surge of storm, bkgd, duration uraiart
24-26 Jan 02 1.38E+07 150.2 159.9 54.3 60 only 3 samples, peak obtained but noisy,

baseflow conc uncertain

17030 Prairie Creek Tributary at CR 1264 Crossing
10-13 Jan 01 3.03E+05 43.1 63.7 1.1 50 only 2 samples, may have gotten peak, baseflow

conc uncertain

11-12 Oct 01 495E+05 199.2 219.5 6.8 40 u/s& d/s concs uncertain
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Total Suspended Solids (TSS) mass loading datstdioly storms

TSSWCB Project No. 04-14
Revision No. 2
Appendix B

Page 75 of 108

Station

17031

17033

17057

mass

(@) (9/¥)

Prairie Creek Tributary at CR 1140 Crossing

10-13 Jan 01 6.16E+05 48.3

11-12 Oct 01 4.31E+06 211.9

27 - 30 Nov 01 1.29E+07 59.3
Boggy Creek at FM 144 near Omaha-North

10-13 Jan 01 1.97E+07 97.5

11-12 Oct 01 2.83E+07 103.6

28 Nov - 2 Dec 01 3.53E+07 41.2
Boggy Creek Tributary at CR 3301

11-12 Oct 01 2.17E+07 103.1

28 Nov - 1 Dec 01 4.10E+07 53.5

57.2
640.2

146.7

125.9

173.4
122.9

200.1
81.4

(9/s)

2.5
27.7

91.8

89.4

183.0
81.6

147.1
132.3

(%)

EMC EQMC mean load est error
(g/r?)

40
50

60

30

30
20

40
50

comment

total mass underest, EMC & load overest, due
to truncation of event, baseflow conc utaip

poor distribn, noisy data, truncated by next
storm

5 samples, but missed main surge, TSS noisy

5 samples, good distribn, mass & EMC
underest overest due to truncation of even
baseflow conc uncertain

5 samples, good distribn
5 samples, good distribn

3 samples only around peak

5 samples, good distrbn, but may have missed
peak
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Total phosphorus mass loading data for study storms

mass
Station (9)
10263 Tankersley Creek at FM 127
10-13 Jan 01 2.76E+05
11-12 Oct 01 4.71E+05
28 Nov - 1 Dec 01 7.13E+05
10266 Hart Creek at SE 12
10-13 Jan 01 5.50E+04
11-12 Oct 01 1.21E+05
28 Nov - 1 Dec 01 1.69E+05
16455 Alley Creek at SH 155
11-12 Oct 01 8.03E+03
28 Nov - 1 Dec 01 1.45E+04
24-26 Jan 02 7.20E+03

(9/¥)

1.01
0.60

1.44

0.13
0.24

0.40

0.04
0.04

0.09

17030 Prairie Creek Tributary at CR 1264 Crossing

10-13 Jan 01 1.32E+03

11-12 Oct 01 1.46E+03

0.33

0.87

1.15
0.59

151

0.11
0.24

0.32

0.04
0.04

0.08

0.30

0.65

(%)

1.19
2.92

2.03

0.25
0.95

0.78

0.05
0.04

0.03

0.01

0.02

EMC EQMC mean load est error
(g/r?)

50
60
100

60
70
60

80
70

70

50
50

comment

only peak of hydrograph sampled, total mass
underest due to truncation of event

only 3 samples, total mass underest due to
truncation by next storm

good sampl distrbn, but odd P variation, also
ortho P> total P

peak missed, mass underest, load overest, due to
truncation of event

poor distribn, 3 samples, total mass underest
due to truncation by next storm

5 samples, good distribn, u/s uncertain

only 2 samples
5 samples but on rising & falling limbs, missing
crest of storm, baseflow conc uncertain

only 3 samples, peak obtained but noisy,
baseflow conc uncertain

only 2 samples, may have gotten peak, baseflow
conc uncertain

baseflow conc uncertain
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Table 7 (continued)
Total phosphorus mass loading data for study storms

mass EMC EQMC mean load est error comment
Station (9) (@@ (g/mP)  (gls) (%)
17031 Prairie Creek Tributary at CR 1140 Crossing
10-13 Jan 01 2.35E+03 0.21 0.22 0.01 50 total mass underest, load overest, due to
truncation of event, baseflow conc underta
11-12 Oct 01 2.31E+03 0.25 0.34 0.01 50  poor distribn, noisy data, truncated by next
storm
27 Nov - 5 Dec 01 3.60E+04 0.31 0.41 0.26 60 5 samples, but missed main surge, TSS noisy
17033 Boggy Creek at FM 144 near Omaha-North
10-13 Jan 01 2.34E+04 0.13 0.15 0.11 40 total mass underest, EMC & load overest, due
to truncation of event, baseflow conc utain
11-12 Oct 01 5.36E+04 0.25 0.33 0.35 40 5 samples, good distribn
28 Nov - 2 Dec 01 9.68E+04 0.15 0.34 0.22 20 5 samples, good distribn

17057 Boggy Creek Tributary at CR 3301
11-12 Oct 01 3.58E+04 0.22 0.33 0.24 50 3 samples only, may have missed peak
28 Nov - 1 Dec 01 1.91E+05 0.35 0.38 0.62 50 5 samples, good distrbn, may have missed peak
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Total nitrogen mass loading data for study storms

mass

Station (9)
10263 Tankersley Creek at FM 127

10-13 Jan 01 1.04E+06

11-12 Oct 01 2.35E+06

28 Nov - 1 Dec 01 3.91E+06
10266 Hart Creek at SE 12

10-13 Jan 01 1.30E+06

11-12 Oct 01 7.07E+05

28 Nov - 1 Dec 01 1.03E+06
16455 Alley Creek at SH 155

11-12 Oct 01 8.42E+04

28 Nov - 1 Dec 01 3.22E+05

24-26 Jan 02 1.07E+05

(9/¥)

3.76

3.00
7.58

3.42
1.42
3.26

0.44
0.98

1.24

17030 Prairie Creek Tributary at CR 1264 Crossing

10-13 Jan 01 3.24E+04

11-12 Oct 01 1.16E+04

5.12

6.74

4.31

2.92
8.28

2.60
1.39

1.95

0.44
0.98

1.24

5.61

5.12

(9/s)

4.46

14.56
11.14

5.86
5.53

4.78

0.48
0.92

0.42

0.10
0.16

(%)

EMC EQMC mean load est error
(g/r?)

50

60
80

60
70
80

80
70

70

50
50

comment

only peak of hydrograph sampled, mass
underest due to truncation of event

NOx not taken, Kjel rather flat

mass underest, load overest, due to truncation of
event

poor distribn, 3 samples, mass underest due to
truncation by next storm

only 2 NOx taken, Kjel rather flat

only 2 samples, off the hydrograph peak

5 samples but on rising & falling limbs, missing
crest of storm, baseflow conc uncertain

only 3 samples, peak obtained but noisy,
baseflow conc uncertain

only 2 samples, may have gotten peak, baseflow
conc uncertain
baseflow conc uncertain




Table 8 (continued)
Total nitrogen mass loading data for study storms
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mass EMC EQMC mean load est error
Station (@) @® (@m) (@s) (%)
17031 Prairie Creek Tributary at CR 1140 Crossing
10-13 Jan 01 5.02E+04  4.36 4.66 0.20 50
11-12 Oct 01 5.91E+04 5.00 8.78 0.38 50
27 - 30 Nov 01 3.35E+05 2.97 3.81 2.39 60
17033 Boggy Creek at FM 144 near Omaha-North
10-13 Jan 01 3.98E+05 2.40 2.54 1.80 50
11-12 Oct 01 2.69E+05 1.35 1.64 1.74 40
28 Nov - 2 Dec 01 5.97E+05 0.98 2.08 1.38 40
Kjel-N: 4.42E+05 0.73 1.54 1.02
17057 Boggy Creek Tributary at CR 3301
11-12 Oct 01 1.77E+05 1.14 1.63 1.20 50
28 Nov - 1 Dec 01 9.68E+05 1.71 1.93 3.13 70
Kjel-N: 7.45E+05 1.32 1.48 241

comment

total mass underest, load overest, due to
truncation of event, baseflow conc undgerta
poor distribn, jolt of organics in 4th sample,
truncated by next storm

5 samples, but missed crest, TSS noisy

total mass underest, load overest, due to
truncation of event, baseflow conc underta

5 samples, good distribn
No Nox on 1st 2 samples, est based on Kjel-N
estimated total N as 135% of kjel

3 samples only, may have missed peak

5 samples, but NOX only on last 2, probably
missed peak

estimated total N as 130% of kjel
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3. SWAT model application

SWAT is the latest in a series of watershed ruantf loading models developed by the ARS, an
evolution from the “field-scale™ models of CREAMS3/EAMS that applied to a single small
catchment with uniform soils and agriculture, ttrght8WRRB, to culminate in SWAT. The

original objective of this model-development entesp was the management of agricultural
practices, e.g. control of soil erosion, fertilizgplication, crop selection, planting strategegs, In
order to effect this, the model must simulate tssés of sediment, nutrients and pesticides frem th
catchment, and these are in fact the loads of cortoea downstream watercourse. So it became a
logical extension to represent the agricultural aggament model as a surface-water loading model,
that has now become SWAT. Technical details ofdh@ulation of SWAT are given in numerous
references (e.g., Arnold et al., 1990, Williams @mdold, 1993, Arnold and Williams, 1995, Arnold
et al., 1999, Neitsch et al., 2002). We preserd baly a rudimentary summary of the model to
facilitate explication of the validation results.

There are four primary compartments in the SWAT ehoals diagrammed in Figure 29: hydrology,
biology, sediment and chemistry, for which baspuihdata includes physiography, meteorology,
soils, vegetation cover, and modifications to #edl surface such as tillage, cropping, urbanization
and fertilization. Surface-vegetation biomass ¢gntral variable in the model, and the
mathematical expressions for photosynthesis, mit&evater uptake and storage, growth,
senescence and decay are complex. This complsxatyeflection of the ancestry of SWAT as an
agricultural management model. The various caefiiis and rate parameters governing these
processes are quantified in a "crop” data basdlisdppith the model, with data for 97 vegetation
categories. These are comprised chiefly of datagecific crop plants, e.g. sweet corn, bermuda
grass, timothy, oats, etc., but with the applicatidthe model to non-crop catchments, categories
have been added to include winter wheat, mixedstpgeneric rangeland, and so on. The soil data
base consists of separate files of soil paraméterszon depths, grain-size distributions, hydrauli
conductivity, etc.) that are derived from the STAI® soils data base (NRCS, 1994). Additional
data bases supplied with the model include chensmalposition of numerous fertilizers, including
manure and chicken litter of several types, andipaters related to eight categories of urban
development.
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Figure 29 - Structure of SWAT model

In the spatial depiction of the watershed and wederveyances, the basic element of SWAT is the
Hydrological Response Unit (HRU), defined to bepacific area with uniform soil, vegetation,
surface slope, and landsurface treatment. A subbsee Figure 30, is a catchment made up of one
or more HRU's, a channel reach and a vadose zoanpaztment. The internal drainage network of a
subbasin is parameterized as a single tributagthenThe channel and subbasin network can
become quite complex, including ponds, wasteloadsreservoirs, but the structure is essentially as
diagrammed in Fig. 30. Emphasis in the SWAT foratioh is squarely upon the watershed and its
underlying soil structure and vadose zone. Thwitary/channel components are essentially routing
devices and are too coarsely depicted to effegtisi@hulate biochemical processes that occur as
water is conveyed through the channel. For intstsens with swift hydrographs this is a minor

limitation. For lower flow scenarios, this can$substantial weakness.
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Figure 30 - Schematic of spatial depiction and wat budget in SWAT

SWAT is a time-advancing model. The basic timd isone day, though some of the processes,
especially involving biomass, are evaluated intiatally. The user can direct the model to
aggregate results on a monthly or annual bas@adibttéte long-term simulations with generation of
many megabytes of output. Any simulation must dkssupplied with initial conditions. The user
has two basic choices: input values for each ohthg@r model variables (including biomass and
soil water content) or start the model from arbitreonditions and run it with realistic externataa
until the errors in the initial conditions finalfflush” out of the system. The latter option was
followed in this work. Numerical experimentatioetermined that about a five-year simulation
period was sufficient to eliminate the "startingrisient" from the model solution, as exemplified by
Figure 31.

The hydrological computations of the watershed watkelget rely upon the SCS curve-number
method, see Ward (2001b). Much of this methodoilegmpirical and has been criticized for use in
watershed water budgets (see Ward and Benaman). 1988 sediment mobilization processes,
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Figure 31 - Acquisition of limit-cycle behavior,
monthly SWAT data with repeated 2000 meteorology,
Little Boggy Creek 17057 watershed

another major component of SWAT is a computerizagion of the Universal Soil Loss Equation,
also an empirical procedure that lacks universe¢piance. These weaknesses of the model
represent areas for future development and imprenemDespite these weaknesses, SWAT (along
with HSPF) is one of the best models currently labde for simulation of landscape loading, and its

deficiencies need to be considered in interpretiing applying the model.

The driver for hydrology is rainfall. SWAT emplogsstatistical "weather generator" WEATGN
that produces a Monte Carlo time series for eadhefnajor meteorological elements, with
seasonally varying climatological mean values #uee with normal data for a given region. One
of the products supplied with SWAT is data fileshmiveather generator parameters needed to
simulate long-term weather for major regions of 8&xA better course of action would be to drive

the model with measured data for the simulatiomoplerSince such meteorological time series are
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not readily available (radiation and wind data pa€ticularly scarce), the weather generator was
used in this work, except for the variables preatmn and air temperature. These are important
controls both on the hydrology and the surface tatgm, so were developed from time series of

measured data.

The number of model parameters whose values mustdmfied for a given simulation is
overwhelming. A model simulation requiresnenimumof 7 input files plus 4 data-base files plus 3
input files per subbasin plus 4 input file per HREbr a simple uniform catchment, therefore, 18
input files are necessary, and the number protésras the complexity of the watershed increases.
Most of these input files contain numerous paramsetdose values might be subject to
specification or adjustment by the user. Soilsgikample, are identified by MUID associations,
characterized by the three dominant soil seridse ifput file for each soil series requires three
structural parameters (maximum rooting depth, ptroseasure, and crack volume potential) plus
twelve more detailed physicochemical parameterg#ah of four horizons, for a total of 51
parameters. For each of the 97 land cover/plawir options in the data base, 29 parameters are
necessary, including biomass/radiation-energyiefiicy ratio, maximum potential leaf-area index,
key points in the growing cycle, maximum root deatid canopy height, N and P uptake
parameters, USLE C-factor value (minimum possildayl stomatal conductance variables. Some
parameters are computed internally by the modeldefault operation, but these may not be
accurate for a specific catchment, and the usetheagption of overriding this computation with a
specified value, e.g. organic P and N enrichmeamgdor sediment. Much of the subsurface water
budget relies upon parameters, such as soil layetuctivities, baseflow alpha factors for shallow
aquifer and bank storage, "revap" and percolatarirols, which are not readily available unless
substantial groundwater (or baseflow) measurenendtor analyses are available. The simplest
model application, to a single HRU with no spetiédge or planting operations, with nutrient
simulation only, requires specification of aboudZfarameters. When the default and data-base
values are accepted, there still remain over 3@rpaters whose values must be specified, values for
many of which are unlikely to be available, so tleg available for calibration. (Nietsch et al.,
2002, offer suggestions as to some of the variaesheir order that might be employed in
calibration, but there are others that are equadlgle candidates.)
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The SWAT development staff recommends against atid SWAT for individual storms, but

rather for long-term average loadings from a cawhinge.g., Dugas, pers. comm., 1999). There are
two reasons. First, the key climatological inpans generated stochastically, so it is unlikely tha
the correct combination of meteorology will obt&dn a specificstorm event, but rather that it will
average out over a long period. Second, and magperitantly, the response of the model to a
specific rainfall event will depend upon the intetigd effect of all of the hydrological, sedimentary
and biological variables depicted for the watershdrely can it be expected that all of the many
parameters and their integrated antecedent regililtse exactly right for any specific storm being
used for a "cold" validation run. Indeed, the segjgd procedure in the SWAT user's manual
(Neitsch, et al., 2002) is to begin the validatégainst annual-mean values, then proceed to monthly
(and, if necessary, daily). This is an instancthef'Golf Course™ approach to model calibration, i
which the first objective is to get the ball on theway, next to get it on the green, and finally—
maybe, with luck—to get it in the hole.

In the case of the Big Cypress the "Sunday Dinappgroach was followed instead, in which the
model is validated at the outset for specific s®on small watersheds. The Sunday Dinner
approach seeks to establish validation for the maod categories of catchments, so these can then
be assembled into a larger, more complex basin hvattesome assurance of adequacy, as sauces
and gravies are combined into dishes, these ietadhrses that make up the dinner. The relative
merits of the two approaches are a matter of dgbd@eSunday Dinner being a more "scientific"
procedure than the Golf Course, but prone to eftbe full range of catchment types is not
represented). The reason for this approach foBipe&ypress basin is simple: there are no gauges
and/or sampling stations in the stream channetiseobasin with long periods of flow and water
chemistry data, which are necessary for the Golfr€@®approach. The basic source of data is the
network of wetweather automated sampling statigresaied by this project (see Section 2, above).
The short period of operation and the small nunalbetorm events available from this network (see
Table 1) further constrain their utility in compestsive landscape modeling. On the other hand, the
design of the wetweather sampling strategy antiegb¢his problem, and the stations were selected
to monitor runoff from small, relatively homogensazatchments, with a range of landuse, soil and

vegetation types typical of the Big Cypress.
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Figure 32 - General distribution of MUID soil asseiations in Big Cypress basin,
from STATSGO data base
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Probably the most straightforward model input depgient is the specification of watershed soils,

because of the splendid data bases created byREESNnow available in several GIS formats. The

STATSGO data base was largely employed for thigeptgwith occasional reference to the much
more detailed SSURGO data base, NRCS, 1995). &wailsot highly variable, being predominantly
ultisols and alfisols, acid and sandy, having weiti from sandstone, and occasionally shale
(Scott, 2000). The general distribution of STATSGIOID associations in the Big Cypress basin is
shown in Figure 32. TX620 is a west-to-east swadifhaleudalfs lying across the northern extreme

of the basin. The associations to the south aéqgminantly paleudults. Given the relative
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Table 9
Main MUID soil associations for wetweather catchisarsed in SWAT validation
MUID description fraction
of watershed
10263 Tankersley Creek at FM127
TX620 WOODTELL-FREESTONE-BERNALDO 0.83
TX619 WOLFPEN-PICKTON-WOODTELL 0.08
TX172 ESTES-MANTACHIE-BIENVILLE 0.09
10266 Hart Creek at Titus County Road
TX620 WOODTELL-FREESTONE-BERNALDO 0.61
TX619 WOLFPEN-PICKTON-WOODTELL 0.21
TX357 NAHATCHE-CROCKETT-WOODTELL 0.16
TX067 BOWIE-CUTHBERT-KIRVIN 0.03
16455 Alley Creek approx. 8 KM SW of Avinger at SH155
TX296 LILBERT-DARCO-BRILEY 0.50
TX122 CUTHBERT-REDSPRINGS-ELROSE 0.50
17030 Unnamed Tributary of Prairie Creek at Camp CR1264
TX492 SACUL-BOWIE-KULLIT 1.00
17031 Tributary of Prairie Creek at Camp CR1140
TX067 BOWIE-CUTHBERT-KIRVIN 1.00
17033 Boggy Creek at FM144
TX620 WOODTELL-FREESTONE-BERNALDO 0.76
TX316 IUKA-GUYTON-MANTACHIE 0.13
TX067 BOWIE-CUTHBERT-KIRVIN 0.11
17057 Little Boggy Creek at Crossing of Morris CR3301 (Green Street Rd.)
TX620 WOODTELL-FREESTONE-BERNALDO 0.66
TX067 BOWIE-CUTHBERT-KIRVIN 0.18
TX316 IUKA-GUYTON-MANTACHIE 0.15

similarity of soils in the basin, the predominaeties was identified for each MUID, and the

properties of that series used to represent thelMAdksociation. The proportions and geography of

the MUID's in each watershed were then studied th@@dmallest number of MUID's determined

that would satisfactorily depict soil variationtime watershed. Table 9 summarizes the principal
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MUID's in each of the wetweather watershed, angtbportion of watershed area represented by

Table 10
Dominant land uses in wetweather watersheds (pgrcen

10263 Tankersley Creek at FM127 17030 Prairie Creek trib at CR1264
Cropland and pasture 72.75 Cropland and pasture .2386
Forest 9.50 Confined Feeding Operations 8.26
Urban & residential 8.10 Forest 5.51
Strip Mines, Quarries & Gravel Pits 5.81 17031 Prairie Creek trib at CR 1140

10266 Hart Creek at Titus County Road Cropland and pasture 65.56
Cropland and Pasture 64.20 Forest 34.44
Forest 17.73 17033 Boggy Creek
Urban & residential 15.53 Cropland and pasture 1B0.
Confined Feeding Operations 0.71 Forest 15.78

16455 Alley Creek Urban & residential 3.81
Forest 93.62 17057 Little Boggy Creek @CR3301
Urban & residential 15.53 Cropland and pasture 375.
Cropland and pasture 4.00 Forest 23.03
Strip Mines, Quarries & Gravel Pits 0.22 Urbanesidential 1.29

each. For most of the wetweather watersheds, amedutly selected MUID (with properties
represented by the predominant soil series) pradeduate to characterize the soils for modeling

purposes.

Landuse in the Cypress basin is predominantly teed agricultural (a generic category including
cropland, pasture and range), more specificallggpasture (mainly dallis, bahia, common
bermuda, and coastal bermuda). The proportionsgohn of the wetweather station watersheds are
tabulated in Table 10. Two categories of agricaltltanduse were employed, one a typical pasture
with cattle grazing (at the density and manure-ggien rates in the SWAT data bases), and the
other augmented by an application of chicken lggsumed to occur on 1 January of each year.
Paul Price and Associates (1998) compiled dataigeeohvby Pilgrims on agricultural chicken litter
application in the basin, focusing on 1998 datalerfour basins Lilly Creek, Prairie Creek, Boggy
Creek and Frazier Creek. An average applicatitem(fger area treated, not the area of the basin)

proved to be 2.88 tons(wet)/ac or 6455 kg/ha. @hpdication rate was used in conjunction with the



TSSWCB Project No. 04-14
Revision No. 2
Appendix B

Page 89 of 108

1998 total area of treatment within each wetweatiegershed. We note that areas and amounts
vary from year to year, both within and betweervgatiersheds, so using only 1998 data incurs a
degree of error. It is reported, as well, thabhlmdsture and cropland areas in the basin receive
occasional application of fertilizer, but we hawvedata on this and therefore neglect it in the rhode
simulations. Again, this is a potential sourcebr in the model input that must be borne in mind
in interpretting the results. (PPA, 2001, upddtedpoultry analysis with data from the year 2000,

but unfortunately only areas, not weights, arelabée for the individual litter application events.

The simplest wetweather watersheds are those @y Slieek and the tributaries of Prairie Creek, in
that each is fairly homogeneous in surface featugasls and land use for Alley Creek Station
16455 are shown in Figure 33. This is predomirydiotiested land cover on mainly TX296 soils, of
which the Lilbert series, 85% sands down to 0.Gsmepresentative. This watershed could be
effectively represented as entirely forested, @amlasents the test case for this landcover category

A curve number of 60 was assigned.

Soils and land use for both Prairie Creek waterslaee shown in Figure 34. The Prairie Creek
watersheds are predominantly pasture on the vemesiTX492 or TX067 soils, of which the

Bowie series, about 60% sand down to 2 m, is reptasive. Station 17030 was modeled as a
single HRU and represents the test case for gesane with cattle grazing. According to the
Pilgrims data (PPA, 200x), the Station 17031 wéiedsreceived the highest rate of litter application
in the 1998-2000 period of all of the wetweathetessheds, and therefore was used as the test case
for intense litter usage. The areas given by ilggifs data base, however, exceed in total tha are
of the watershed by nearly a factor of 3. Thith@mught to be erroneous, so for model application i
was assumed that one-third (0.33) of the watersb@zlved chicken litter application. This was
modeled as a second pasture-with-grazing HRU withriuary litter application at the average rate

(see above). The assigned curve number for beatinéCreek watersheds was 70.

The Boggy Creek basin wetweather watersheds agerlanore complex examples of rural
watersheds. Soils and land use for both BoggykCt&833 and Little Boggy 17057 are shown in
Figure 35. The uplands soils are MUID 620 or TX0&ath greater than 65% sands, while the
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Figure 34a - Soils in watersheds of Prairie Creekib Stations 17030 and 17031
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Figure 34b - Landuses in watersheds of Prairie Cek trib Stations 17030 and 17031
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Figure 35a - Soils in watersheds of Boggy Creekaiton 17033 and Little Boggy 17057

deciduous

watershed
boundary

residential

v

hixe
estland

N crops & pasture

-
X

'lz,,."".' "."
N TmE17033 -

“eay
N
b5
D

«%J
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floodplain is mainly MUID TX316, about 50% sandBhe Bowie series, about 60% sand down to 2
m, was selected to be representative. Both watdssare predominantly pasture with moderate
amounts of chicken litter application, for 1703®ab6% of the watershed, and for 17057 about
26% of the watershed. Both were modeled as 3-H&thmentsyiz. pasture, pasture with chicken
litter, and forest. The curve numbers were sé0téor the forest HRU and 70 for the pasture.

Both Tankersley 10263 and Hart Creek 10266 wetvegatation watersheds are much larger and
much more complex, including urbanized section§/da0. Soils and land use for both watersheds
are shown in Figure 36. Upland soils in both casesI X620, predominantly woodtell and
freestone, greater than 65% sands. The floodptals are finer grained, and somewhat different for
the two watercourses. For Hart Creek, it is TX3xgyally distributed in sand, silt and clay, with
moderately high organics, while for Tankersleieven finer-grained TX172, about half and half
silts and clays. Natache series was finally etettedepict the Hart Creek watershed soils. For
Tankersley, Woodtell was used for the urban antupa$iRU's, typically upland, while Estes was
used for the forest HRU, typically floodplain. Tberve number was assigned a value of 70 except

in the forested areas, where it was 60.

Hydrological specification involves the parametengployed in the SCS curve-number method and
in the USLE. Land surface slope was determineah fi@pographic maps of the area. An average
land slope is used to represent an entire HRU.n@#laslopes and dimensions were taken direction
from the earlier work in this project (Ward, 2001&urve numbers were set based upon terrain and
landcover, as described above. SWAT includes @giaom for incorporating a reservoir into the
channel network of Figure 30. The reservoir iatied in a rather rudimentary fashion, assuming a
fixed capacity and a constant discharge througlspilvay (with potential for activation of
uncontrolled releases, e.g. emergency spillway)thos at least estimates the effect of such aesyst
on storing and lengthening the hydrograph of adlewent, and account for entrapment of solids and
sorbed chemicals in the reservoir. Tankersleyrvesewas included in the 10263 simulation using
this device, which required a separate subbasiesponding to the reservoir catchment, about 34%

of the total watershed.
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Figure 37 - 2001 hydrograph in channel of Statiod6455 predicted by SWAT from daily rainfall

An example SWAT prediction is shown in Figure 3#%& 2001 hydrograph of flow in the watershed
channel at Station 16455 on Alley Creek, givenitipeit of daily precipitation, also plotted.
Substantial infiltration and storage in the shalkwil layers of this sandy, forested watershedlresu
in a baseflow that slowly rises and falls throulgé year, upon which are superposed the runoff
hydrographs from the individual storms. At thigdeof plotting resolution, the SWAT output looks
smooth and realistic. However, SWAT operates daily timestep. The observed and computed
runoff hydrographs for the October storm are showig. 38 at this much coarser resolution.
While the observations show the fine time respaigbe event (15-minute water level and flow
measurements and hourly precipitation data, cf1Rj)gthe SWAT rendering of the storm is
evidently much coarser. Not only is there an imjsien introduced due to the incommensurate

resolutions of the flow time signals, but the dailgut of precipitation automatically incurs a laiy
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Figure 38 - October 2001 storm events, observed drpgraph and rainfall (cf. Fig. 12)
and SWAT model for Station 16455 Alley Creek

one day in the response of the model, which inttedwan additional source of error in the model

computation.

The one-day time step of the model raises an imategiroblem in how to compare the model
prediction to observations. There are two optioDse is to aggregate the observations on a daily
time frame for direct comparison to the model, sungnover the days in which runoff from the
precipitation was experienced. The second istegnate the results for both model and observation
over the duration of the storm, and compare thel'siorm" results without any daily lumping of

the observed data. (In both cases, the storm frandfstorm loads are "scalped" from the
baseflow.) An argument can be made for eithehath were employed here for evaluation of the
hydrological performance.

Table 11 presents the storm runoff comparison#hi®first method, in which the same series of
days are extracted from the observations as arbuéid to the storm in the model results, integplat
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or averaged (as appropriate) by day, then aggrégatsoth observation and model for the storm
event. In this approach, by definition the stommadion is an integral number of days, and the same
number of days are used to determine both the wéis@nal features of storm runoff and the model.
In Table 11, the uncertainty in the data is exg@dsas a standard error as a proportion of the mean
(i.e., a coefficient of variation), and used toidefthe 95% confidence limits. The standard errors
are those given in Table 4, based upon the quafitlye hydrograph data record. (Thus in Table 11
no additional uncertainty is ascribed to accumntafiow over days that included nonstorm data,
though clearly this action introduces addition@douracy in the observed data.) These 95%
confidence bounds are considered to bound the r@inpe "probable™ correct results for the storm,
and are used to judge the quality of the modeliptietd. When the model results lie within these
bounds, the model performs just as accuratelyeaddha in estimating the "true” value of the storm
runoff, so we judge the model performance to bisfsatory. From inspection of Table 11, it is
apparent that 70% of the modeled events are jutigbd satisfactorily validated against the data.

This writer favors the storm-duration method slighbecause most of the events studied are quick-
rise, short-duration hydrographs, which incur theagest error when segmented into day increments.
(For longer events, there would appear to be Idifference in the two approaches.) For this
reason, more emphasis was given the storm-duragiproach, including complete evaluations for
TSS, N and P fluviographs, as well as hydrogragh®e results of these analyses are presented in
Table 12, following the same convention as Table @b the basis of the number of comparisons,
approximately 74% of the events are predicted byntlodel within the applicable 95% confidence
limits. By individual parameter, the success @ thodel is more variable:

volume 68 total P 63 %
TSS 58 total N 95
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Table 11
Comparison of observed runoff integrated over 1idagements and SWAT model predictions
storm observed runoff model performance
volume coeff of +95% conf volume model/obs within
(md3) var (%) (n%) (m?) 95% conf
10263 Tankersley Creek at FM 127
10-14 Jan 01 2.62E+05 20 1.05E+05 1.73E+05 0.66 Y
11-16 Oct 01 1.91E+06 30 1.15E+06 1.16E+06 0.61 Y
28 Nov - 2 Dec 01 4.71E+05 40 3.77E+05 1.83E+06 89 3. N
10266 Hart Creek at SE 12
10-14 Jan 01 5.92E+05 20 2.37E+05 6.78E+04 0.11 N
11-16 Oct 01 1.52E+06 30 9.14E+05 1.29E+06 0.84 Y
28 Nov - 2 Dec 01 6.29E+05 30 3.77E+05 1.25E+06 991. N
16455 Alley Creek at SH 155
10-14 Jan 01 3.51E+04 25 1.76E+04 4.54E+04 1.29 Y
11-16 Oct 01 6.76E+05 30 4.06E+05 3.66E+05 0.54 Y
28 Nov - 2 Dec 01 3.42E+05 40 2.74E+05 3.79E+05 11 1. Y
24-26 Jan 02 8.54E+04 40 6.83E+04 6.39E+04 0.75 Y
17030 Prairie Creek Tributary at CR 1264 Crossing
10-14 Jan 01 4.20E+03 20 1.68E+03 4.15E+03 0.99 Y
11-16 Oct 01 1.52E+04 20 6.08E+03 4.51E+04 2.97 N

(continued)




TSSWCB Project No. 04-14
Revision No. 2
Appendix B

Page 99 of 108

Table 11 (continued)

Comparison of observed runoff integrated over 1idagements and SWAT model predictions

storm

10-14 Jan 01
11-16 Oct 01

10-14 Jan 01
11-16 Oct 01
28 Nov - 2 Dec 01

10-14 Jan 01
11-16 Oct 01
28 Nov - 2 Dec 01

11-16 Oct 01
28 Nov - 2 Dec 01

observed runoff model performance
volume coeffof +95% conf volume model/obs within
(md) var (%) (n3) (m?) 95% conf

17030 Prairie Creek Tributary at CR 1264 Crossing

4.20E+03 20 1.68E+03 4.15E+03 0.99 Y
1.52E+04 20 6.08E+03 4.51E+04 2.97 N

17031 Prairie Creek Tributary at CR 1140 Crossing

1.16E+04 20 4.64E+03 7.51E+03 0.65 Y
1.27E+05 20 5.07E+04 1.74E+05 1.37 Y
9.16E+04 40 7.33E+04 8.03E+04 88 0. Y

17033 Boggy Creek at FM 144 near Omaha-North

1.68E+05 20 6.72E+04 5.46E+04 0.32 N
5.28E+05 20 2.11E+05 3.08E+05 0.58 N
2.87E+05 15 8.62E+04 3.16E+05 101. Y

17057 Little Boggy Creek at CR 3301

4.22E+05 15 1.27E+05 3.48E+05 0.82 Y
5.28E+05 40 4.22E+05 3.34E+05 63 0. Y
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Table 12
Comparison of observed and modeled storm-evenffrand loads

storm runoff volume or load
observed coeff +95% model model/ within
(B or varn conf obs 95%
kg) (%) conf
10263 Tankersley Creek at FM 127

10-14 Jan 01 volume 2.41E+05 20 9.63E+04 1.73E+05 0.72 Y
TSS 1.00E+04 40 8.02E+03 2.18E+04 2.18 N

total P 2.76E+02 50 2.76E+02 3.89E+01 0.14 Y

total N 1.04E+03 50 1.04E+03 2.28E+02 0.22 Y

10-12 Oct 01 volume 8.02E+05 30 4.81E+05 3.83E+05 0.48 Y
TSS 4 56E+05 50 4 .56E+05 2.47TE+04 0.05 Y

total P 4.71E+02 60 5.65E+02 7.79E+01 0.17 Y

total N 2.35E+03 60 2.81E+03 1.96E+02 0.08 Y

28 Nov - volume 4. 72E+05 40 3.78E+05 1.83E+06 3.88 N
2 Dec 01 TSS 2.64E+04 100 5.28E+04 2.77E+05 1051 N
total P 7.13E+02 40 5.71E+02 5.64E+02 0.79 Y

total N 3.91E+03 80 6.25E+03 1.41E+03 0.36 Y

10266 Hart Creek at SE 12

10-14 Jan 01 volume 4 98E+05 20 1.99E+05 6.78E+04 0.14 N
TSS 4 46E+04 50 4.46E+04 8.43E+03 0.19 Y

total P 5.50E+01 60 6.60E+01 2.11E+01 0.38 Y

total N 1.30E+03 60 1.56E+03 8.90E+01 0.07 Y

10-12 Oct 01 volume 5.08E+05 30 3.05E+05 3.34E+05 0.66 Y
TSS 7.34E+04 60 8.81E+04 4 51E+04 0.61 Y

total P 1.21E+02 70 1.70E+02 5.92E+01 0.49 Y

total N 7.07E+02 70 9.90E+02 2.00E+02 0.28 Y

28 Nov - volume 5.29E+05 30 3.17E+05 1.25E+06 2.36 N
2 Dec 01 TSS 4 .64E+04 40 3.71E+04 1.82E+05 3.92 N
total P 1.69E+02 60 2.02E+02 4.85E+02 2.88 N

total N 1.03E+03 80 1.65E+03 1.14E+03 1.11 Y

(continued)
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Table 12 (continued)
Comparison of observed and modeled storm-evenffrand loads

storm runoff volume or load
observed coeff +95% model model/ within
(B or varn conf obs 95%
kg) (%) conf
16455 Alley Creek at SH 155

10-12 Oct 01 volume 1.90E+05 30 1.14E+05 8.78E+04 0.46 Y
TSS 1.16E+04 80 1.86E+04 4.17E+03 0.36 Y

total P 8.03E+00 70 1.12E+01 6.99E-01 0.09 Y

total N 8.42E+01 80 1.35E+02 7.41E+01 0.88 Y

28 Nov - volume 3.27E+05 40 2.62E+05 3.79E+05 1.16 Y
2 Dec 01 TSS 3.37E+04 50 3.37E+04 1.46E+05 4.33 N
total P 1.45E+01 70 2.04E+01 4.89E+01 3.37 N

total N 3.22E+02 70 4.50E+02 4.37E+02 1.36 Y

24-26 Jan 02 volume 8.65E+04 40 6.92E+04 6.39E+04 0.74 Y
TSS 1.38E+04 60 1.66E+04 4.73E+03 0.34 Y

total P 7.20E+00 70 1.01E+01 1.37E+00 0.19 Y

total N 1.07E+02 70 1.50E+02 5.43E+01 0.51 Y

17030 Prairie Creek Tributary at CR 1264 Crossing

10-14 Jan 01 volume 4 48E+03 20 1.79E+03 4.15E+03 0.93 Y
TSS 3.03E+02 50 3.03E+02 4.90E+02 1.62 Y

total P 1.46E+00 50 1.46E+00 5.55E-01 0.38 Y

total N 1.16E+01 50 1.16E+01 2.96E+00 0.26 Y

10-12 Oct 01 volume 2.26E+03 20 9.02E+02 2.01E+03 0.89 Y
TSS 4 .95E+02 40 3.96E+02 4 90E+02 0.99 Y

total P 1.46E+00 50 1.46E+00 5.55E-01 0.38 Y

total N 1.16E+01 50 1.16E+01 4.13E+00 0.36 Y

(continued)
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Table 12 (continued)
Comparison of observed and modeled storm-evenffrand loads

storm runoff volume or load
observed  coeff 195% model model/  within
(B or varn conf obs 95%
kg) (%) conf
17031 Prairie Creek Tributary at CR 1140 Crossing

10-14 Jan 01 volume 1.08E+04 20 4.31E+03 7.51E+03 0.70 Y
TSS 6.16E+02 40 4,93E+02 1.92E+03 3.11 N

total P 2.35E+00 50 2.35E+00 7.53E+00 3.20 N

total N 5.02E+01 50 5.02E+01 1.78E+02 3.55 N

10-12 Oct 01 volume 6.73E+03 20 2.69E+03 2.49E+04 3.71 N
TSS 4.31E+03 50 4.31E+03 5.43E+03 1.26 Y

total P 2.31E+00 50 2.31E+00 1.84E+01 7.97 N

total N 5.91E+01 50 5.91E+01 6.11E+01 1.03 Y

28 Nov - volume 8.79E+04 40 7.03E+04 8.03E+04 0.91 Y
2 Dec 01 TSS 1.29E+04 60 1.55E+04 1.18E+04 0.91 Y
total P 3.60E+01 40 2.88E+01 8.28E+01 2.30 N

total N 3.35E+02 60 4.02E+02 2.08E+02 0.62 Y

17033 Boggy Creek at FM 144 near Omaha-North

10-14 Jan 01 volume 1.57E+05 20 6.26E+04 5.46E+04 0.35 N
TSS 1.97E+04 30 1.18E+04 2.31E+03 0.12 N

total P 2.34E+01 40 1.87E+01 4.77E+00 0.20 Y

total N 3.98E+02 50 3.98E+02 2.18E+02 0.55 Y

10-12 Oct 01 volume 1.63E+05 20 6.54E+04 5.31E+04 0.33 N
TSS 2.83E+04 30 1.70E+04 4.20E+03 0.15 N

total P 5.36E+01 40 4.29E+01 6.30E+00 0.12 N

total N 2.69E+02 40 2.15E+02 8.20E+01 0.31 Y

28 Nov - volume 2.88E+05 15 8.63E+04 3.16E+05 1.10 Y
2 Dec 01 TSS 3.53E+04 20 1.41E+04 4 53E+04 1.28 Y
total P 9.68E+01 20 3.87E+01 9.16E+01 0.95 Y

total N 5.97E+02 40 4. 77E+02 5.38E+02 0.90 Y

(continued)
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Table 12 (continued)
Comparison of observed and modeled storm-evenffrand loads

storm runoff volume or load
observed coeff +95% model model/ within
(B or varn conf obs 95%
kg) (%) conf
17057 Little Boggy Creek at CR 3301

10-12 Oct 01 volume 1.09E+05 15 3.26E+04 8.39E+04 0.77 Y
TSS 2.17E+04 40 1.74E+04 3.14E+04 1.45 Y

total P 3.58E+01 50 3.58E+01 4.25E+01 1.19 Y

total N 1.77E+02 50 1.77E+02 1.18E+02 0.67 Y

28 Nov - volume 5.03E+05 40 4.02E+05 3.34E+05 0.66 Y
2 Dec 01 TSS 4.10E+04 50 4.10E+04 1.43E+05 3.48 N
total P 1.91E+02 50 1.91E+02 4 58E+02 2.40 N

total N 9.68E+02 70 1.36E+03 9.68E+02 1.00 Y

4. Discussion and conclusions

Given the number of free parameters availableptbdel could be calibrated to fall dead on the
observed results (even if these results are imeridowever, in the present project very little
"calibration” was indulged, for several reasongstFwith so many parameters at our disposal, such
an exercise in curve fitting presents only thesillun of model accuracy, but does not really improve
the predictive power of the model. Second, for¢hmgmodel to replicate observation can sacrifice
solid information that could be inferred from thedel's failures. What is most important is the
patterns in model errors, since these can indibefieiencies in the model (or the data) that can be
used to distinguish the conditions successfully etedl from those that are not, as well as inform
future data-collection and analytical efforts.

The above pronouncements notwithstanding, somestaagunts of the model were made. In the
pasture management data for all watersheds, timedsi® threshold for grazing was reduced to 500,
as the default setting was inappropriate for thmatology, preventing grazing until early summer.
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The urban HRU's generated far more load than ihelica the data. The SWAT urban loading is
dictated by the data base fileban2000.datsupplied with the model, which provides parameter
values for eight categories of urbanization. Iasjpa ofurban2000.datlisclosed that the only
difference among the urban categories is in theemipus cover (and connected impervious cover).
Yet, the Mt Pleasant urban area is really "lighttaun,” characterized by more open land, fewer curbs
than typical of larger cities, and a greater cagdor retention of contaminants (as well as lower
loading rate for these contaminants): Mt. Pleaganot Philadelphia or even Houston. Therefore, a
9th urban category was created for the Cypress limarban2000.datlabelled "Mt Pleasant”, but

this is intended to be a generic label only forlagagion to other, similar urbanized areas in the

basin).

The technical basis for the values assigned pasamet the SWAT crop data base is highly variable
(Dugas, pers. comm, 1999). Some of the agricultrogs, such as corn and alfalfa, are supported
by years of measurements. Others are presenttyidmmmg as "place holders" in the data base,
pending availability of better data. It appeat tine pasturage types fall into this latter catego
Type 12 (generic pasture) was specified for moshefcrop/pasture land-use areas in the basin.
However, it was determined that Type 15 (rangesgrsisworks better for the large northwestern

basins of Tankersley and Hart Creeks.

Several of the pasture-dominated watersheds ewedesnaderprediction of N and P loadings. This
could be compensated somewhat by increasing thageament USLE "C" factor or by increasing
the nutrient percolation parameters. However dlpggameters were varied only within their
“reasonable” ranges, and even at these valuesydtel continued to underpredict N and P loading.
The most likely cause of this underpredictioraiskl of information on past fertilizer practices

(notably chicken litter application) in the subjeatersheds.

Perhaps of equal significance are the parameteichwiere not adjusted. For hydrological
operation, these included the curve number (7@lfdand-cover categories except forest, for which
60 was used) and the slope length, a key paranmetiee USLE (see Ward and Benaman, 1999),
which was assigned a value of 40 m and not variath of these are sensitive parameters in model
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operation and have been used as calibration defeags Neitsch et al., 2002). Enrichment ratios
have been suggested as a calibration device (Hmatkbraham, pers. comm., 2002) for nutrient
loadings. The default operation is for SWAT to guite these internally. Buried in the program
code is a hard upper-limit value of 3.5, and it Watermined that the model is hitting this hardtim
on the Big Cypress simulations. Therefore, anthimrmodification will entail overriding this limit
With so much uncertainty in fertilizer applicaticates, it seems inappropriate to press the (ajread

spongy) science by inflating enrichment ratiostreodefault computation was employed.

The extent to which runoff and loads are overpttedior underpredicted is erratic for most
watersheds. The season of the year in which teeteccurs appears to play a large role. Note, for
example, the tendency of the model to underprexdients following a period of drought (10

October 2001 storm, November 2001 storm) and theetecy of the model to overpredict winter
loadings (January 2001 event). The state of véigataover seems to be an important control on
this behavior. While the explicit modeling of véaggon landcover growth, maturation, death and
decay is a major strength of SWAT, there is muoteuinty about some of the growth kinetics,
especially for the non-agricultural crop types.alhof these simulations, for example, the winter
die-back seems to occur too abruptly and too cot@lyle Yet, this is an area of model development

that is manifestly beyond the scope of the prestrty.

One immediate conclusion from this work deserveplanis: that the application of chicken litter
can represent a substantial source of solids atreénuloads to the watercourse, even when the area
involved is a small proportion of the watershedhisTis due to the high mobilization rates from this
land treatment. This is exemplified by Table 1&adling the annual watershed loads (per unit area)
for the four HRU's employed in the Tankersley wstted simulation (Station 10263).

Especially considering the problems entailed bgraparison of the model to individual storm
events, and the uncertainty attaching to many®kty model parameters, this is considered to a
satisfactory validation of the model. Despite wealth of data assembled on the Big Cypress basin,
especially in the TMDL project, input data remaansignificant source of error. It is unfortunate i

hindsight that a longer wetweather monitoring paogrand a richer data base of storm events were
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Table 13
Annual landscape loading rates predicted by SWAR@D1,
Tankersley Creek Station 10263 watershed

model fraction runoff to sediment _ Org nutrient yield Sediment NO3 in
element of channel yield Org N Org P P (sorb) surf
basin yield runoff

(%)  (mmlyr) (tons/ (kg N/ (kg P/ (kg P/ (kg N/
ha-yr) ha-yr) ha-yr) ha-yr) ha-yr)

HRU1 pasture 38 375.0 5.36 9.33 1.41 1.27 0.88
HRU2 chicken* 3 351.6 0.76 13.71 3.91 3.46 8.78
HRU3 urban 15 418.4 1.54 3.41 0.59 0.40 1.02
HRU4 forest 10 337.3 0.66 2.03 0.26 0.07 0.74
Subbasin average 66 377.5 3.57 7.08 1.16 0.99 1.25
HRUS pasture 34 374.8 4.69 8.35 1.25 1.12 0.88

*pasture with one application of chicken litter

not obtained, because this would help resolve gairtiee residual uncertainties. Neither nature nor
the time schedule favored this in the present ptojEor now, this uncertainty will be incorporated
into the margin of safety analyses, so that the TNdBbcess can continue, but additional data

collection in the future would substantially redubes uncertainty.
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